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DAMDl7-02-1-0238 Annual/Midterm Report 

Endometase in Androgen-Repressed Human Prostate Cancer 

Introduction 

Our long term goal is to understand the biochemical and cellular functions of matrix 
metalloproteinases (MMPs, matrixins) so that we may reveal the molecular steps and pathways 
of cancer angiogenesis (new blood formation to provide nutrients, oxygen, and passages for 
cancer cell growth and spread) and metastasis (the spread of cancer). We discovered a novel 
matrix metalloproteinase (MMP-26, endometase) recently. Endometase is a special biological 
catalyst that specifically digests some of the connective tissue barrier proteins and may facilitate 
tumor growth, invasion, and new blood vessel formation. Endometase was found to be 
specifically associated with the androgen-repressed human prostate cancer (ARCaP) cells. It was 
not expressed by normal human prostate tissues and early stage prostate cancer cells. ARCaP 
cells were isolated fi-om a human patient who died of metastasis of prostate cancer. Most 
importantly, endometase gene was turned on in human prostate cancer tissues from patients. 
This project has investigated a role of endometase in advanced himian prostate cancer and 
provided knowledge for new strategies to detect and attack prostate cancer.   To imderstand the 
functions of endometase, we have identified some of its physiological and pathological 
substrates and developed potent proteinase inhibitors targeting this protein. We have tested the 
hypothesis that this unique endometase is partially responsible for promoting cancer cell growth 
and invasion because of its activity as "a molecular power drill" that breaks down connective tissue 
barriers. Together with our collaborators Drs. Martin A. Schwartz and Leland W.K. Chung, we 
have been developing and testing new MMP inhibitors and identify potent and selective 
compounds to target endometase. The inhibitors are useful tools for the investigations of the 
endometase active site structiu-e and functions, and more importantly, the prostate cancer 
invasion and angiogenesis. We have revealed that the active site of endometase has an 
intermediate SI' pocket by enzyme inhibition kinetic studies, protein sequence analyses, and 
homology modeling. We have also examined the endometase expression pattern in human 
prostate and breast cancer tissues and clinical specimens and studied its pathological role in 
human prostate and breast cancers. This project may identify a novel marker for prostate cancer 
detection and a new target for prostate cancer treatment. 
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Body 

Statement of Work 

Endometase in Androgen-Repressed Human Prostate Cancer 

Task 1. To examine the endometase (matrix metalloproteinase-26, MMP-26) expression 
pattern in normal and malignant prostate cell lines and to correlate the endometase 
protein expression levels with the known malignancy and metastatic potentials of 
the cells (Months 1-8): 

a. Culture normal and malignant prostate cells. 
b. Measure the endometase expression levels by enzyme-linked immunosorbent assay 

(ELISA) and immunoblot using enhanced chemiluminescence (ECL). There are four 
specific endometase antibodies (Abs) available at the P.I.'s lab; three Abs are against 
the catalytic domain, one Ab is against the pro-domain. 

This task has been accomphshed. For more details please see Fig. 2 and Fig. 3 of the 
following pubUshed paper: Y.-G. Zhao, A. Xiao, R.G. Newcomer, H.I. Park, T. Kang, L.W.K. 
Chung, M.G. Swanson, H. E. Zhau, J. Kurhanewicz, and Q.-X. Sang* (2003) Activation of Pro- 
Gelatinase B by Endometase/Matrilysin-2 Promotes Invasion of Human Prostate Cancer Cells 
J. Biol. Chem. 278, 15056-15064. Please see attached reprint. 

Task 2. To over-express endometase in endometase-negative human prostate cells and 
characterize endometase positive cells (Months 5-25): 

a. Prepare endometase over-expression vectors. 
b. Transfect pCIMMP-26 into normal human prostate cells, an androgen-dependent 

prostate cancer cell line LNCaP, and an androgen-independent prostate cancer cell 
lineDU-145. 

c. Identify endometase positive cells by immunological methods (ELISA and 
immunoblot). 

d. Characterize endometase positive cells in vitro (colony formation on soft agar). 

This task is in excellent progress. For more details please see Fig. 5 and Fig. 6 of the 
following paper published: Y.-G. Zhao, A. Xiao, R.G. Newcomer, H.I. Park, T. Kang, L.W.K. 
Chung, M.G. Swanson, H. E. Zhau, J. Kurhanewicz, and Q.-X. Sang* (2003) Activation of Pro- 
Gelatinase B by Endometase/Matrilysin-2 Promotes hivasion of Human Prostate Cancer Cells. 
J. Biol. Chem. 278,15056-15064. Please also see attached reprint and the following preliminary 
results (Fig. 1 and Fig. 2). " 

Task 3. Analyze structure-function relationships of the endometase active site using 
synthetic matrix metalloproteinase (MM?) inhibitors and identify specific and 
potent endometase inhibitors for the cell invasion assays (Months 10-30): 
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a. Optimize the synthetic fluorogenic peptide substrate cleavage assays using a Perkin- 
Elmer LS-50B luminescence spectrometer. 

b. Measure the IC50 (inhibitor concentration at 50% enzyme activity) values and 
inhibition constants (ki values) of new synthetic MMP inhibitors with endometase 
Usted in Table 1 and Figure 2 of the proposal. Determine the inhibition kinetics and 
mechanisms. 

This task has been accompHshed. Please see attached reprints for more details: 

H.I. Park, B.E. Turk, F.E. Gerkema, L.C. Cantley, and Q.-X. Sang* (2002) Peptide substrate 
specificities and protein cleavage sites of human endometase/matrilysin-2/matrix 
metalloproteinase-26. J. 5/0/. CAew. 277,35168-35175. 

H.I. Park, Y. Jin, D.R. Hurst, C.A. Monroe, S. Lee, M.A. Schwartz, and Q.-X. Sang* (2003) The 
intermediate SI' pocket of the endometase/matrilysin-2 active site revealed by enzyme inhibition 
kinetic studies, protein sequence analyses, and homology modeling. /. Biol. Chem , 278-51646- 
51653. 

Task 4. Identify new substrates of endometase, compare the degrees of invasiveness of the 
human prostate cells selected from Task 1 and Task 2, and test the efficacies of 
MMP inhibitors selected from Task 3 in the prostate cell invasion (Months 20-36): 

a. Test intracelluar proteins, extracellular matrix proteins, and cell surface proteins of 
ARCaP and other cells to identify new endometase substrates, hence, understand its 
putative functions. 

This task is in progress. Please see the following pubhshed paper Figs. 6-8 and tables I and 
n for more details. H.I. Park, B.E. Turk, F.E. Gerkema, L.C. Cantley, and Q.-X. Sang* (2002) 
Peptide substrate specificities and protein cleavage sites of human endometase/matrilysin-2/matrix 
metalloproteinase-26. J. 5/0/. Cfew. 277,35168-35175. 

b. Test and compare the degrees of invasiveness of human normal, malignant, and 
endometase over-expression prostate cells, respectively, using modifed Boyden 
Chambers coated with extracellular matrix proteins or cell surface proteins. 

c. Test and compare the efficacies of selective MMP inhibitors from Task 3 in prostate 
cell invasion. Identify specific inhibitors that may lead to future cancer therapeutics. 

This task is in excellent progress. For more details please see Figs. 4-8 of the following 
paper published. Y.-G. Zhao, A. Xiao, R.G. Newcomer, H.I. Park, T. Kang, L.W.K. Chung, 
M.G. Swanson, H. E. Zhau, J. Kurhanewicz, and Q.-X. Sang* (2003) Activation of Pro- 
Gelatinase B by Endometase/Matrilysin-2 Promotes hivasion of Human Prostate Cancer Cells. 
J. Biol. Chem. 278,15056-15064. Please see attached reprint and the following preliminary 
results (Fig. 1 and Fig. 2). 
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Fig. 1. Detection of MMP-26 in 
<p5    AJ> androgen-dependent LNCaP cells stably 

V     vO''   ^ expressing MMP-26 wild type or an 
<J^^!^^ <fe^^ inactive form. LNCaP cells, a human 

f^ ^^ "^ prostate cancer cell line, were stably 
<^^ ^7   s^ transfected with MMP-26 wild type (WT- 

MMP-26), or an inactive form (EA-MMP- 
' 26), both ofwhich were tagged with FLAG 

tags at their C-termini. Cells were routinely 
cultured in DMEM supplemented with 

MMP26       10% fetal bovine serum and 400 ^g/L of 
G418. For experiments, they were seeded 
into 24-well-plates until they reached 

1     2       3 100% confluence. Cells were lysed with 
Anti FT AP A/f9 RIPA buffer, and cell lysates were 
/^lU-rJ^/\U-iVlZ analyzed by Western blotting using anti- 

FLAG-M2 antibody. 

t» 

Parental WT-MMP-26 EA-MMP-26       Parental (+YHJ-132) 

100 125 54 51 

Fig. 2. MMP-26 plays a vital role in the invasion of androgen-dependent LNCaP cells. 
Parental LNCaP cells or its derivatives stably over-expressing MMP-26 wild type (WT-MMP- 
26) or inactive form (EA-MMP-26) were subjected to invasion assays utilizing a modified 
Boyden chamber coated with type IV collagen (25 M,g/well). Following 48 hours incubation in 
serum-free medium alone or containing 10 yM YHJ-132, an MMP inhibitor synthesized by 
our group, the inner chambers were fixed and the invading cells were photographed. 
Quantification of the invading cells was performed by integrated morphometry analysis (IMA); 
untreated parental LNCaP cells (Parental) were controls as 100% invasive. The WT-MMP-26 
cells showed a 25% increase in invading cells, while the EA-MMP-26 or parental cells treated 
with YHJ-132 showed decreased invasion, at 54% and 51%. of the parental cells, respectively. 
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Task 5. Alternative approaches: Test and compare the rates of cell proliferation and 
apoptosis of the human prostate cells selected from Task 1 and Task 2 (Months 26- 
36): 

a. Test and compare the rates of cell proliferation of human normal, malignant, and 
endometase over-expression prostate cells, respectively, cultured on extracellular 
matrix proteins. Cell proliferation rates will be determined by assaying for 5-bromo-2'- 
deoxyuridine (BrdU) incorporation using the colorimetric ELISA assay kit from 
Boehringer Mannheim Go. 

b. Test and compare the rates of eel! apoptosis of human normal, maUgnant, and 
endometase over-expression prostate cells, respectively, cultured on extracellular 
matrix proteins. A quantitative Cell Death Detection ELISA''^"^ colorimetric assay kit 
(also from Boehringer Mannheim Co.) will be used. This assay is usefiil for the 
quantitation of apoptosis without cell labeling; it differentiates apoptosis from necrosis. 

This task is in progress. 

Blockage of ARCaP cell invasion by MMP-26 antibodies is not due to the effects of 
the antibodies on cell attachment to extracellular matrix, cell proliferation, cytotoxicity, and 
apoptosis. Further investigation shows that the fimctional blocking antibodies do not affect 
ARCaP cell attachment to the substrates, do not inhibit ARCaP cell proliferation (Fig. 3), have no 
cytotoxicity, and do not promote the cell apoptosis, demonstrating that the diminished 
invasiveness of ARCaP cells is due to the fimctional neutrahzing activity of the antibodies against 
MMP-26 and is not due to reduced cell numbers and is not due to reduced cell attachment to the 
extracellular matrix subsfrates. 

Cells attachment experiments. 2.25x10^ ARCap/LNCap/DU145/ PC-3 cells in serum free 
DMEM media containing different concentrations of one of the pre-immune-IgGs or anti-MMP- 
26 IgGs were cultured in fibronectin, and matrigel coated 24-well plates. The growing cells were 
stopped at 3 hours, 6 hours, 12 hours, 24 hours, 48 hours, and 60 hours by rinsing with PBS and 
fixing in 4% PFA/PBS solution. Then the cells were stained with 0.1% Crystal Violet (Sigma, 
USA) solution. The attached cells number was counted under in 10 high power fields (400x) of 
each of the duplicate samples under a microscope. 

Results: The ARCaP cells number attached on the FNf and Matrigel coated 24-well plate had no 
significant difference among the untreated wells, pre-inmiune IgGs treated wells and the anti- 
MMP-26 antibodies treated the wells (p>0.05) at the time points of 3 hours, 6 hours, 12 hours, 24 
hours, 48 hours, and 60 hours (data not shown). These results indicate that the inhibition of 
ARCaP cell invasion bv anti-MMP-26 antibodies is not due to the effect on the cells attachment 
to exfracellular matrix components. 
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Effects of Anti-MMP-26 antibodies on ARCaP 
cell proliferation 

0.2  r 

0.15   ■ 

0.1 

<   0.05 

npAb280 

■pAb293 

Control    Pre-IgG   Pre-IgG     AbL       AbH 
L H 

ARCaP cell samples 

Fig. 3. The anti-MMP-26 polyclonal Abs have no effect on the proliferation of ARCaP 
cells. The ARCaP cells proliferation was determined using the BrdU Labeling Cell Proliferation 
ELISA (Roche Molecular Biochemicals, IndianapoUs, IN) according to the manufacturer's 
instructions. Pre-IgG L, preimmune IgG low concentration (lOjxg/ml); Pre-IgG H, preimmune 
IgG high concentration (50|j.g/ml); AbL, antibody low concentration (10|ag/ml); and AbH, 
antibody high concentratioii (50|ag/ml). 

Cells proliferation assays. ARCaP cell proUferation was determined using the Cell Prohferation 
ELISA from Roche Molecular Biochemicals (IndianapoUs, DSf) following the manufacturer's 
instructions. In brief, the ARCap cells were plated in a fibronectin, and matrigel pre-coated 96- 
well t issue c ulture p late (Falcon, B ecton D ickinson Labware, Lincoln P ark, N ew Je rsey) a t a 
density of 1 x 10"^ cells/well in DMEM medium containing 10% FBS for 24 hours. Then the 
cells were cultured in serum free DMEM medium in the presence of pre-immune IgG of 98R3, 
pre-immune IgG of 98R12, pAb280 and pAb293 (10|ag/ml, 50|ag/ml, respectively) in duplicate 
wells for another 24 hours. After adding BrdU (100|iM) labeling solution for 12 hours in 37° C, 
5%C02, the cells were fixed by adding FixDenat solution for 30mins at room temperature. 
Followed by adding anti-BrdU POD and incubated for 90 min at room temperature. Finally, 
added s ubstrate and incubate for 3 0 mins and the v alues o f absorbance w ere read at 4 92 nm 
using an Automatic Microplate Reader (Titertek Multiskan MC-340, Flow Laboratories, 
Virginia). Standard deviations were calculated and were presented as error bars in the Figures. 
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Key Research Accomplishments 

1. This research proj ect has addressed many of the tasks Usted in the "Statement of Work", 
generated three papers pubhshed in "The Journal of Biological Chemistry", one "Cancer 
Research" paper, and one "Biochemical Journal paper". The grant also supported 
training of research students and postdoctoral associates. 

2. This work has verified a putative biochemical mechanism by which 
endometase/matrilysin-2/matrix metalloproteinase-26 (MMP-26) may promote human 
prostate cancer cell invasion. 

3. We showed that the levels of MMP-26 protein in human prostate carcinomas from 
multiple patients were significantly higher than those in prostatitis, benign prostate 
hyperplasia, and normal prostate glandular tissues. Statistical analyses have been 
performed. 

4. MMP-26 was capable of activating pro-MMP-9 by cleavage at the Ala^-' -Met^"* site of the 
prepro-enzyme. This activation proceeded in a time- and dose-dependent manner, 
faciUtating the efficient cleavage of fibronectin by MMP-9. The activated MMP-9 
products generated by MMP-26 appeared more stable than those cleaved by MMP-7 
under the conditions tested. 

5. To investigate the contribution of MMP-26 to cancer cell invasion via the activation of 
MMP-9, highly invasive and metastatic human prostate carcinoma cells, androgen- 
repressed prostate cancer (ARCaP) cells, were selected as a working model. ARCaP cells 
express both MMP-26 and MMP-9. Specific anti-MMP-26 and anti-MMP-9 functional 
blocking antibodies both reduced the invasiveness of ARCaP cells across fibronectin or 
type IV collagen. 

6. The introduction of MMP-26 antisense cDNA into ARCaP cells reduced the MMP-26 
protein level in these cells and strongly suppressed the invasiveness of ARCaP cells. 

7. Double immunofluorescence staining and confocal laser scanning microscopic images 
revealed that MMP-26 and MMP-9 were co-localized in parental and MMP-26 sense- 
transfected ARCaP cells. Moreover, MMP-26 and MMP-9 proteins were both expressed 
in the same human prostate carcinoma tissue samples examined. 

8. These results indicate that MMP-26 may be a physiological and pathological activator of 
pro-MMP-9, and the activation of pro-MMP-9 by MMP-26 may be an important 
mechanism contributing to the invasive capabilities of prostate carcinomas. 

9. Peptide libraries were used to profile the substrate specificity of MMP-26 from the P4 to 
P4' sites. The optimal cleavage motifs for MMP-26 were Lys-Pro-Ile/Leu-Ser (Pl)- 
Leu/Met (P10-Ile/Thr-Ser/Ala-Ser. 

10 
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10. The strongest preference was observed at the PI' and P2 sites where hydrophobic 
residues were favored. Proline was preferred at P3 and Serine at PI. The overall 
specificity was similar to that of other MMPs except that more flexibility was observed at 
Pl,P2',andP3'. 

11. Synthetic inhibitors of gelatinases and coUagenases inhibited MMP-26 with similar 
efficacy. A pair of stereoisomers had a only 40-fold difference in K/'PP values against 
MMP-26 compared to a 250-fold difference against neutrophil coUagenase, indicating 
that MMP-26 is less stereo-selective for its inhibitors. 

12. MMP-26 auto-digested itself during the folding process; two of the major autolytic sites 
were Leu'*^-Thr^° and Ala^^-Leu'^^ which still left the cysteine switch sequence 
(PHC ^GVPD) intact. This suggests that Cys^^ may not play a role in the latency of the 
zymogen. 

13. MMP-26 cleaved Phe^^^-Leu^^^ and Pro^^^-Met"^ in the reactive loop of alpha 1 
proteinase inhibitor and His^'^^-Val^'^^ in insulin-like growth factor binding protein-1, 
likely rendering these substrates inactive. 

14. Among the fluorescent peptide substrates analyzed, Mca-Pro-Leu-Ala-Nva-Dpa-Ala- 
Ajg-NH:2 displayed the highest specificity constant (30000 / Molar second) with MMP- 
26. 

15. The intermediate SI' pocket of the endometase active site has been revealed by enzyme 
inhibition kinetic studies using our novel MMP inhibitors, protein sequence analyses, and 
molecular modeling/computational biochemistry. 

16. Potent and selective inhibitors of endometase have been identified and tested in 
biochemical experiments, and some preliminary data were also obtained for the inhibition 
of human prostate cancer cell invasion by one of the potent inhibitors. 

17. Transgenic human prostate cancer cell lines (both androgen-repressed and androgen- 
dependent) have been made and MMP-26 over-expression cells, knock out cells, and 
dominant-negative catalytically inactive mutants have been generated and tested. The 
degree of invasiveness of these human prostate cancer cell lines were correlated with the 
expression levels of MMP-26 protein. These results verified our hypotheses. 

18. Human breast cancer tissues were examined as controls for prostate cancer studies. 
Breast carcinoma in situ also expressed high levels of MMP-26 and MMP-26 may play a 
role in the initiation of invasion of human breast cancers. 

19. Tissue inhibitors of metalloproteinases TIMP-2 and TIMP-4 are potent inhibitors of 
MMP-26 and they have inhibited the activation of pro-MMP-9 by MMP-26. 

20. MMP-26 gene is expressed by human breast carcinoma/epitheUal cancer cells as 
examined by in situ hybridization, confirming MMP-26 is expressed by epithelial cells 

11 
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and its epithelial origin. These data have been reported in the "Cancer Research" paper. 
Please see attached reprints. 

21. This report proposes a working model for the future studies of proMMP-26 activation, 
the design of inhibitors, and the identification of optimal physiological and pathological 
substrates of MMP-26 in v/vo. 

Reportable Outcomes 

1. Published papers and manuscripts: 

H.I. Park, B.E. Turk, F.E. Gerkema, L.C. Cantley, and Q,-X. Sang* (2002) Peptide substrate 
specificities and protein cleavage sites of human endometase/matrilysui-2/matrix 
metalloproteinase-26. J. 5zo/. C/?em. 277,35168-35175. 

Y.-G. Zhao, A. Xiao, R.G. Newcomer, H.I. Park, T. Kang, L.W.K. Chung, M.G. Swanson, H. E. 
Zhau, J. Kurhanewicz, and Q.-X. Sang* (2003) Activation of Pro-Gelatinase B by 
Endometase/Matrilysin-2 Promotes hivasion of Human Prostate Cancer Cells. J. Biol. Chem 
278,15056-15064. 

H.I. Park, Y. Jin, D.R. Hurst, C.A. Monroe, S. Lee, M.A. Schwartz, and Q.-X. Sang* (2003) The 
intermediate ST pocket of the endometase/matrilysin-2 active site revealed by enzyme inhibition 
kinetic studies, protein sequence analyses, and homology modeling. J. Biol. Chem., 278:51646- 
51653. 

D. R. Hurst, M.A. Schwartz, M.A. Ghaffari, Y. Jin, H. Tschesche, G.B. Fields, and Q.-X. Sang* 
(2004) Catalytic- and ecto-domains of membrane type 1-matrix metalloproteinase have similar 
inhibition profiles but distinct endopeptidase activities. Biochem. J. 211, 775-779. 

Y.-G. Zhao, A.-Z. Xiao, H.I. Park, R.G. Newcomer, M. Yan, Y.-G. Man, S.C. Heffelfmger, and 
Q.-X. Sang* (2004) Endometase/matrilysin-2 in human breast ductal carcinoma in situ and its 
inhibition by tissue inhibitors of metalloproteinases-2 and -4: a putative role in the initiation of 
breast cancer invasion. Cancer iJe^. 64, 590-598. 

2. Li addition to the Principal Investigator, Dr. Sang, the following students and research 
associates at Professor Sang's laboratory have been partially fimded by this grant. 

Douglas R. Hurst, Graduate Student Research Assistant 
Dr. Hyun I. Park, Postdoctoral Research Associate 
Margaret Mary Coryn, Student Assistant 
Sara C. Monroe, Research Assistant 
Tiebang Kang, Postdoctoral Research Associate 
Aizhen Xiao, Postdoctoral Research Associate 

12 
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Conclusions 

The spread of prostate cancer cells to other parts of the body is the leading cause of 
patient death. In 2000, we reported the discovery, cloning, and characterization of human matrix 
metalloproteinase-26 (MMP-26), endometase. We have been testing three specific hypotheses: 
1) The expression levels of MMP-26 is coirelated with the metastatic potentials and the degrees of 
maUgnancy of human prostate cells; 2) MMP-26 has unique structure and enzymatic function; 3) 
MMP-26 enhances prostate cancer invasion by digesting extracellular matrix proteins and 
inactivating serine proteinase inhibitors, and specific inhibitors of MMP-26 block prostate cancer 
invasion. We have showed that the levels of MMP-26 protein in human prostate carcinomas 
from multiple patients were significantly higher than those in prostatitis, benign prostate 
hyperplasia, and normal prostate glandular tissues. High levels of MMP-26 is also expressed by 
human breast ductal carcinoma in situ. Both MMP-26 gene and protein are expressed by the 
carcinoma cells confirming its epitheUal origin. MMP-26 promoted prostate cancer invasion via 
activation of pro-gelatinase B/MMP-9. Functional blocking antibodies against either MMP-26 or 
MMP-9 blocked human prostate cancer cell invasion. Furthermore, antisense cDNA of MMP-26 
and catalytically inactive mutant MMP-26 also inhibited prostate cancer cell invasion. The over- 
expression of MMP-26 cDNA in both androgen-dependent and independent cells hues enhanced 
the invasiveness of these cells. Tissue inhibitors of metalloproteinases TIMP-2 and TIMP-4 are 
also potent inhibitors of MMP-26. The endometase active site stixictiire and fiinction have been 
investigated and revealed to have an intermediate SI' pocket using synthetic metalloproteinase 
inhibitors, protein sequence analyses and homology modeling studies. These findings may aid in 
rational inhibitor/potential drug design for the development of more potent and selective 
inhibitors of MMP-26. Optimal peptide substrate specificity and protein cleavage sites have 
been identified in both peptide libraries and potentially physiologically relevant proteins. These 
resuhs suggest that endometase/MMP-26 may promote human prostate and breast cancer cell 
invasion and it is specifically expressed in human prostate and breast cancer tissues. MMP-26 
may be a novel marker for prostate cancer detection and a new target for prostate cancer 
treatment. 
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This work has explored a putative biochemical mech- 
anism by which endometase/matrilysin-2/matrix metal- 
loproteinase-26 (MMP-26) may promote human prostate 
cancer cell invasion. Here, we showed that the levels of 
MMP-26 protein in human prostate carcinomas from 
multiple patients were significantly higher than those 
in prostatitis, benign prostate hyperplasia, and normal 
prostate glandular tissues. The role of MMP-26 in pros- 
tate cancer progression is unknown. MMP-26 was ca- 
pable of activating pro-MMP-9 by cleavage at the 
Ala^^-Met®* site of the prepro-enzyme. This activation 
proceeded in a time- and dose-dependent manner, 
facilitating the efficient cleavage of fibronectin by 
MMP-9. The activated MMP-9 products generated by 
MMP-26 appeared more stable than those cleaved 
by MMP-7 under the conditions tested. To investigate 
the contribution of MMP-26 to cancer cell invasion via 
the activation of MMP-9, highly invasive and meta- 
static human prostate carcinoma cells, androgen- 
repressed prostate cancer (ARCaP) cells were selected 
as a working model. ARCaP cells express both MMP-26 
and MMP-9. Specific anti-MMP-26 and anti-MMP-9 
functional blocking antibodies both reduced the inva- 
siveness of ARCaP cells across fibronectin or type IV 
collagen. Furthermore, the introduction of MMP-26 an- 
tisense cDNA into ARCaP cells significantly reduced 
the MMP-26 protein level in these cells and strongly 
suppressed the invasiveness of ARCaP cells. Double 
immunofluorescence staining and confocal laser scan- 
ning microscopic images revealed that MMP-26 and 
MMP-9 were co-localized in parental and MMP-26 
sense-transfected ARCaP cells. Moreover, MMP-26 and 
MMP-9 proteins were both expressed in the same hu- 
man prostate carcinoma tissue samples examined. 
These results indicate that MMP-26 may be a physio- 
logical and pathological activator of pro-MMP-9. 
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During the initial phases of carcinoma cell invasion, as tu- 
mor cells begin to spread and infiltrate into the surrounding 
normal tissues, these cells must first degrade the basement 
membrane and other elements of the extracellular matrix 
(ECM),^ including type IV collagen, laminin, and fibronectin 
(FN) (1). Multiple protease families, including the matrix met- 
alloproteinases (MMPs), serine proteases, and cysteine pro- 
teases, are suspected of contributing to the invasive and met- 
astatic abilities of a variety of malignant tumors (2-5), but the 
specific biochemical mechanisms that facilitate these invasive 
behaviors remain elusive. 

More than 23 human MMPs, and numerous homologues 
from other species, have been reported (5), and matrix metal- 
loproteinase-26 (MMP-26)/endometase/matrilysin-2 is a novel 
member of this enzyme family that was recently cloned and 
characterized by our group (6) and others (7-9). MMP-26 
mRNA is primarily expressed in epithelial cancers, such as 
lung, breast, endometrial, and prostate carcinomas, in their 
corresponding cell lines (6-9), and in a very limited number of 
normal adult tissues, such as the uterus (6, 8), placenta (7, 8), 
and kidney (9). Recently, we have found that the levels of 
MMP-26 gene and protein expression are higher in a malignant 
choriocarcinoma cell line (JEG-3) than in normal human cy- 
totrophoblast cells (10). Our preliminary studies indicate that 
expression of MMP-26 may be correlated with the malignant 
transformation of human prostate and breast epithelial cells. 
The specific expression of MMP-26 in malignant tumors and 
the proteolytic activity of this enzjrme against multiple compo- 
nents of the ECM, including fibronectin, type IV collagen, 
vitronectin, gelatins, and fibrinogen, as well as non-ECM pro- 
teins such as insulin-like growth factor-binding protein 1 and 
al-protease inhibitor (6-9), indicate that MMP-26 may possess 
an important function in tumor progression. 

Another member of the MMP family considered to be an 
important contributor to the processes of invasion, metastasis, 
and angiogenesis exhibited by tumor cells is gelatinase B 
{MMP-9) (11-14). Uria and Lopez-Otm (8) have demonstrated 
that MMP-26 is able to cleave MMP-9, and here we examine 
the possibility that MMP-26 facilitates tumor cell invasion 
through the activation of pro-MMP-9. The highly invasive and 
metastatic cell line utilized for this study, an androgen-re- 

^ The abbreviations used are: ECM, extracellular matrix; ANOVA, 
analysis of variance; ARCaP, androgen repressed prostate cancer cells 
line; BPH, benign prostate hyperplasia; FN, fibronectin; IMA, inte- 
grated morphometry analysis; MMP-7, matrix metalloproteinase-7/ma- 
trilysin; MMP-9, matrix metalloproteinase-9/gelatinase B; MMP-26, 
matrix metalloprot8inas8-26/endometase/matrilysin-2; MMPs, matrix 
metalloproteinases; CAPS, 3-cyclohexylamino-l-propanesulfonic acid. 
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pressed human prostate cancer (ARCaP), was derived from the 
ascites fluid of a patient with advanced prostate cancer that 
had metastasized to the lymph nodes, lungs, pancreas, hver, 
kidneys, and bones (15). This cell line produces high levels of 
MMP-9 and gelatinase A (MMP-2) (15, 16). 

In this study, we provide evidence that MMP-26 is capable of 
activating pro-MMP-9, and that once activated, MMP-9 cleaves 
fibronectin, tjrpe IV collagen, and gelatin with great efficiency. 
Both the MMP-26 and MMP-9 proteins were highly expressed 
in the AECaP cells, and co-localization of their expression 
patterns was consistently observed. The invasiveness of 
ARCaP cells through FN or type IV collagen was significantly 
decreased in the presence of antibodies specifically targeting 
MMP-26 or MMP-9. In addition, cells transfected with anti- 
sense MMP-26, showing significant reduction of MMP-26 at the 
protein level, exhibited a reduction of invasive potential in vitro 
in addition to a significant diminution in observed levels of 
active MMP-9 protein. These results support the hypothesis 
that activation of MMP-9 by MMP-26 may promote the in vitro 
invasiveness of ARCaP cells through FN or type IV collagen, 
whereas the co-expression of MMP-26 and MMP-9 in many 
human prostate carcinoma tissues indicates that this relation- 

ship may also occur in vivo. 

MATERIALS AND METHODS 

Cell Culture—P^CaP, DU145, PC-3, and LNCaP, which are all es- 
tablished human prostate carcinoma cell lines, were routinely grown in 
low-glucose Dulbecco's modified Eagle's medium supplemented with 
10% fetal bovine serum, 100 units/ml penicillin, and 100 /ig/ml strep- 
tomycin in a humidified atmosphere containing 5% COg at 37 °C. 

Silver Stain and Gelatin Zymography—Purified recombinant 
MMP-26 (6) or MMP-7 were incubated with purified pro-MMP-9 (17) or 
pro-MMP-2 (18) in HEPES buffer (50 mM HEPES, pH 7.5, 200 mM 
NaCl, 10 mM CaClj, and 0.01% Brij-35) at 37 °C. For the dosage de- 
pendence of MMP-9 activation, MMP-9 (0.2 /xM, final concentration) 
was incubated with MMP-7 and MMP-26 at the indicated molar con- 
centration ratio (2:1, 4;1, and 8:1) for 24 h. The MMP-9 activation was 
quenched by 2x SDS-PAGE sample buffer containing 50 mM EDTA. 
The resulting solution was further diluted five times and 5 (xl of the 
diluted sample was loaded onto SDS-polyacrylamide gels (8%). For the 
time dependence of MMP-9 activation, MMP-9 (0.2 ixu) was incubated 
with MMP-7 (0.05 /XM) and MMP-26 (0.05 jxM) for the indicated time 
periods (0, 4, 8, 24 and 48 h) before quenching with the sample buffer. 
For FN cleavage assays, 2 (xl of FN (0.25 mg/ml) were incubated with 30 
/xl of MMP-26 (final concentration 0.05 ^IM), pro-MMP-9 (final concen- 
tration 0.2 /XM), or MMP-26-activated MMP-9 solutions in Ix HEPES 
buffer at 37 "C for 18 h. For silver staining, the reaction was stopped by 
adding 4X reducing sample buffer (6% SDS, 40% glycerol, 200 mM 
Tris-HCl, pH 6.8, 5% j3-mercaptoethanol, 200 mM EDTA, and 0.08% 
bromphenol blue) and boiled for 5 min. Following electrophoresis on a 
9% SDS-polyacrylamide gel, the protein bands were visualized by silver 
staining (19). For gelatin zymogram, the gel was incubated for 3 h at 
37 °C before it was stained with 0.1% Coomassie Blue solution (17, 
20, 21). 

Protein N-terminal Sequencing—Samples were separated by SDS- 
PAGE and transferred to ProBlott'^'^ polyvinyHdene difluoride mem- 
branes (Applied Biosystems) using CAPS buffer (10 mM CAPS, pH 11, 
0.005% SDS). Proteins were visualized by staining with Coomassie 
Brilliant Blue R-250 solution (0.1% Coomassie BriUiant Blue R-250, 
40% methanol, 1% acetic acid) and excised fragments were sent for 
sequencing. N-terminal sequencing was performed at the Bioanalytical 
Core Facility, Florida State University. 

Reverse Transcriptase-PCR Analysis—RNA was extracted from the 
original cells by Trizol according to manufacturer protocols (Invitrogen, 
Carlsbad, CA), and 2 /xg of total RNA were subjected to reverse tran- 
scriptase-PCR according to the standard protocol provided with the 
PCR kit (Invitrogen Corp., Carlsbad, CA). The MMP-26 forward primer 
was 5'-ACCATGCAGCTCGTCATCTTAAGAG-3'; the reverse primer 
was 5'-AGGTATGTCAGATGAACATTTTTCTCC-3'; for glyceralde- 
hyde-3-phosphate dehydrogenase the forward primer was 5'-ACG- 
GATTTGGTCGTATTGGG-3'; the reverse primer was 5'-TGATTTTG- 
GAGGGATCTCGC-3'. PCR reactions were performed using a Biometra 
Personal Cycler (Biometra, Germany) with 30 thermal cycles of 10 s at 
94 °C denaturing, 30 s at 60 °C annealing, and 1 min at 72 °C elonga- 

tion. Ten fxl of the amplified PCR products were then electrophoresed on 
a 1.0% agarose gel containing 0.5 mg/ml ethidium bromide for analysis 
of size differences. To confirm the amplification of the required cDNA 
sequences, PCR products were digested with a restriction enzyme as 
directed by the manufacturer. 

Generation and Characterization of Polyclonal Antibodies—Specific 
antigen peptides corresponding to unique sequences in the pro-domain 
and metalloproteinase domain of MMP-26 were synthesized by Dr. 
Umesh Goli at the Biochemical Analysis, Synthesis and Sequencing 
Services Laboratory of the Department of Chemistry and Biochemistry, 
Florida State University (Tallahassee, FL). The sequence selected fi-om 
the pro-domain was Thr=°-Gln-Glu-Thr-Gln-Thr-Gln-Leu-Leu-Gln-Gln- 
Phe-His-Arg-Asn-Gly-Thr-Asp"'', and the sequence selected fi-om the 
metalloproteinase domain was Asp^^^-Lys-Asn-Glu-His-Trp-Ser-Ala- 
Ser-Asp-Thr-Gly-Tyr-Asn^°^ of the prepro-enzyme. Using the BLAST 
search method at the National Center for Biotechnology Information 
web site against all of the sequences in the data banks, no peptide with 
>45% level of identity was found (6), predicting the antibodies directed 
against these two peptides should be specific. The purity of these 
peptides was verified by reverse-phase high performance liquid chro- 
matography and mass spectrometry. Rabbit anti-human antibodies 
were then generated, purified, and characterized as described previ- 
ously (19, 21). Western blot analyses have demonstrated that these two 
antibodies are highly specific for MMP-26 because they do not cross- 
react with human matrilysin (MMP-7), stromelysin (MMP-3), gelatin- 
ase A (MMP-2), gelatinase B (MMP-9), and some other proteins tested 
(data not shown). 

Western Blotting—Western blotting for MMP-26 was performed by 
lysing the cells with Tris-buffered saline (50 mM Tris and 150 mM NaCl, 
pH 7.4) containing 1.5% (v/v) Triton X-114 as described previously (21). 
Aliquots (20 /il) of cell lysate and media containing equal volumes (20 
/xl) from each treatment treated with SDS sample buffer were then 
loaded onto an SDS-polyacrylamide gel. Samples were electrophoresed 
and then electroblotted onto a nitrocellulose membrane. Immunoreac- 
tive MMP-26 bands were visualized using a horseradish peroxidase or 
alkaline phosphatase-conjugated secondary antibody (Jackson Immuno- 
Research, West Grove, PA). Western blot analysis for MMP-9 was 
performed with a 1 /ig/ml dilution of polyclonal anti-MMP-9 antibody 
(Oncogene Science, Cambridge, MA). MMP-9 bands were visuaKzed 
using an alkaline phosphatase-conjugated secondary antibody (Jackson 
ImmunoResearch) followed by the addition of 5-bromo-4-chloro-3-indoyl 
phosphate and nitro blue tetrazolium. The blot membranes were then 
scanned, and the signal intensities were measured by integrated mor- 
phometry analysis (IMA) (Metamorph System, version 4.6r8, Universal 
Imaging Corporation, Inc., West Chester, PA). The signal intensities 
obtained were expressed as integrated optical density (the sum of the 
optical densities of all pixels that make up the object). All the bands 
used the same exclusive threshold for analysis. 

Immunocytochemistry and Immunohistochemistry—Cells were fixed 
in 50% methanol, 50% acetone for 15 min and permeated with 1% 
Triton X-100 in Tris-buffered saline for 15 min. Formalin-fixed paraffin- 
embedded human prostate cancer tissues were sectioned to 4 /i,m thick- 
ness and fixed on slides. The sections were dewaxed with xylene and 
rehydrated in 100 and 95% ethanol. Nonspecific antibody binding in 
cells and sections was blocked with blocking buffer (0.2% Triton X-100, 
5% normal goat serum, and 3% bovine serum albumin in Tris-buffered 
saline) for 1 h at room temperature prior to overnight incubation with 
affinity-purified specific rabbit anti-human MMP-26 antibody in the 
same buffer (5 /xg/ml for immunocytochemistry and 10 /ig/ml for 
inmmunohistochemistry) or goat anti-human MMP-9 antibody (25 
/xg/ml for immunohistochemistry, R&D Systems, Minneapolis, MN) at 
4 °C. Cells and sections were incubated with alkaline phosphatase- 
conjugated secondary antibody (Jackson ImmunoResearch) diluted (1: 
5000) in the blocking buffer for 4 h at room temperature. The signals 
were detected by adding Fast-Red (Sigma). Purified preimmune IgGs 
from the same animal were used as negative controls for MMP-26. 
Normal goat serum was used as a negative control for MMP-9. The 
sections were counterstained lightly with hematoxylin for viewing neg- 
atively stained cells. 

Preparation of MMP-26 Consfructe—Full-length cDNA of MMP-26 
was amplified by PCR according to published sequences (6) and cloned 
into modified mammalian expression vector pCR'^'^3.1-Uni with a 
FLAG tag at its C-terminal as described (22). Following confirmation of 
cDNA sequencing, plasmids containing correct inserts were used as 
sense vectors and plasmids with reversibly inserted cDNA were used as 
antisense vectors (22). 

Transfections of ARCaP Cells and Isolation of MMP-26 Sense and 
Antisense Construct Stably Transfected Clones—ARCaP cells were 

Inhibitory Effects of Anti-MMP-26 and Anti-MMP-9 Antibod- 
ies on the Invasiveness of ARCaP Cells—To determine the role 
of MMP-26 and MMP-9 in ARCaP cell invasiveness, antibodies 
targeting the metalloproteinase domain of MMP-26 and target- 
ing MMP-9 were utilized during in vitro cell invasion assays. 

/tg/ml (18.8%) for the MMP-26 antibody (Fig. 4A), and at con- 
centrations of 10 (52.2%) and 25 /xg/ml (28.0%) for the MMP-9 
antibody (Fig. 4B), when compared with the preimmune IgG. 
Antibody targeting the pro-domain of MMP-26 also signifi- 
cantly decreased the invasive potential of ARCaP cells through 
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transfected with sense and antisense MMP-26 cDNA-containing vectore 
using LipofectAMINE 2000 (Invitrogen) as described earlier (22, 23). 
Sense- and antisense-transfected cell lines were treated identically with 

to yield the reduced signal to background ratios used for subsequent 
comparative analyses by ANOVA. Statistical analysis of all samples 
was performed with the least significant difference correction of 
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FIG. 3. MMP-26 mRNA and protein expression in ARCaP cells. 
A, reverse transcriptase-PCE analysis of MMP-26 mRNA in AECaP, 
DU145, LNCaP, and PC-3 cell lines. MMP-26 plasmid is used as control 
(top panel, lane 1). The mENA levels of a glycolysis pathway enzyme, 
glyceraMehyde-3-phosphate dehydrogenase (OAPDH), are shown in the 
bottom panel as a positive control to normalize cellular mRNA concen- 
tration. B, Western blot analysis of MMP-26 protein in ARCaP, DU145, 
LNCaP, and PC-3 cell lines. The last lane is recombinant pro-MMP-26 
as a control. C, immunocytochemistry locaHzation of MMP-26 in ARCaP 
cells. Left panel, the primary antibody is rabbit anti-MMP-26 antibody; 
right panel, the primary antibody is preimmune IgG from the same 
rabbit. Bed staining indicates MMP-26 expression. Scale bars = 12 fim. 
Arrows show the positive staining signals. The cells were counter- 
stained with hematoxylin for viewing of negatively stained cells 
(purple). 

PN and type IV collagen (data not shown). These results show 
that both anti-MMP-26 and anti-MMP-9 antibodies signifi- 
cantly inhibit ARCaP cell invasion through FN and type 

IV collagen. 
MMP-26 Protein Expression in Stable Transfectants by Im- 

munocytochemistry and Western Blotting—To further con- 
firm the role of MMP-26 in ARCaP cell invasion, we trans- 
fected pCR 3.1 vectors containing full-length MMP-26 cDNA 
in both sense and antisense orientations into ARCaP cells. 
Immunocytochemistry and Western blotting were performed 
to determine MMP-26 protein expression levels in the paren- 

tal cells in addition to the sense and antisense MMP-26 
construct-transfected cells. Immunocytochemistry showed 
very strong MMP-26 staining in both the parental AKCaP 
and sense MMP-26 construct-transfected cells, whereas the 
antisense MMP-26 construct-transfected cells exhibited only 
minimal staining for MMP-26 (Pig. 5A). Western blotting 
revealed strong MMP-26 bands in the parental ARCaP and 
sense MMP-26 construct-transfected cells, whereas only a 
very faint band was detected in the antisense MMP-26 con- 
struct-transfected cells. No MMP-26 was detected in the cell 

culture media (Pig. 5B). 
Reduction of Invasiveneas of MMP-26 Antisense Stable 

Transfectants—Both the parental ARCaP and sense MMP-26 
construct-transfected cell lines invaded through either PN or 
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FIG. 4. Blocking of ARCaP cell invasion through FN and type 
IV collagen hy MMP.26 and MMP-9 antibodies. The invasion assay 
was performed with modified Boyden chambers. The MMP-26 antibody 
is a rabbit anti-human MMP-26 metallo-domain antibody. The MMP-9 
antibody is a mouse anti-human MMP-9 monoclonal antibody. The 
percentage of invading cells was quantified as described under "Mate- 
rials and Methods." A, comparison of the invaded cell number in the 
presence of MMP-26 antibody/preimmune IgG. Control, preimmune 
rabbit IgG and the final concentration is 50 jtg/ml. Ten and 50 fig of IgG 
means the final concentrations are 10 and 50 fi#ml, respectively. B, 
comparison of the invaded cell number in the presence of MMP-9 
antibody/preimmune IgG. Control, preimmime mouse IgG and the con- 
centration is 25 fi^ml. Ten and 25 jig of IgG means that the concen- 
trations are 10 and 25 jx^ml, respectively. The invaded cell numbers of 
the preimmune IgG treatment were used as the 100% invasiveness. 
Type TV, type IV collagen. Data shown are the mean ± S.D. values from 
four separate experiments for each group. *,p < 0.01; **, p < 0.001. 

type IV collagen in vitro during cell invasion assays (Fig. 6A), 
but without a marked difference (p > 0.05) in their invasive 
potentials (Pig. 6B). Antisense MMP-26 construct-transfected 
cells showed a significant (p < 0.01) decrease in invasive po- 
tential through the same materials (44.0 and 23.5%, respec- 
tively) when compared with parental ARCaP cells (Fig. 6, A 
and B). A significant (p < 0.01) difference between the sense 
and antisense MMP-26 construct-transfected cells was also 

noted (Pig. 6, A and B). 
Reduced Levels of Active MMP-9 in MMP-26 Antisense Sta- 

bly Transfected Cells—To determine the role of MMP-26-medi- 
ated MMP-9 activation in ARCaP cell invasion, the level of 
MMP-9 in conditioned media samples collected fi-om the Boy- 
den chambers diuing in vitro cell invasion assays was detected. 
Western blotting revealed a strong 86-kDa band of active 
MMP-9 in the conditioned media from parental ARCaP and 
sense MMP-26 construct-transfected cells. A similar band, but 
of weaker intensity, was detected in the conditioned media 
collected fi-om the antisense MMP-26 construct-transfected 
cells (Pig. 7A). Semiquantitative analysis revealed that the 
active form of MMP-9 was significantly decreased (p < 0.01) in 
both the PN and type IV collagen invasive assay media fi-om 
the antisense MMP-26 construct-transfected cells (Fig. W). 
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FIG. 1. Activation of pro-MMP-9 by MMP-26. A and B, gelatin 
Z3'mogram of MMP-9 activity before and after activation of pro-MMP-9 
by MMP-26 under non-reducing conditions. The 225-kDa band is a 
homodimer of pro-MMP-9, the 125-kDa band is a heterodimer of pro- 
MMP-9 and neutrophil gelatinase-associated lipocalin, and the 94-kDa 
band is a monomer of pro-MMP-9 (17, 26, 27). The activation reactions 
were incubated at 37 "C. A, dose-dependent analysis of pro-MMP-9 
activation by MMP-26 (lanes 1-4) and MMP-7 (lanes 6^8). The activa- 
tion reaction was incubated 37 °C for 24 h. The gelatin zymogram 
reaction was incubated at 37 °C for 3 h. The 86-kDa band was se- 
quenced and the sequence is MRTPRZG, which is a product cleaved at 
the Ala^^-Met^* site. B, time-dependent analysis of pro-MMP-9 activa- 
tion by MMP-26 (lanes 1-5) and MMP-7 (lanes 6-10). The gelatin 
zymogram reaction was incubated at 37 °C for 3 h. The ratio labeled in 
A and B is the molar concentration ratio. C, pro-MMP-9 activated by 
MMP-26 and cleavage of FN by MMP-26 and MMP-9 as detected by a 
silver-stained gel under reducing conditions. The molar concentration 
ratio for pro-MMP-9:MMP-26 is 4:1 and the reaction was incubated at 
37 °C for 24 h. The molecular mass standards are labeled on the left and 
the estimated molecular masses of the FN cleavage products are labeled 
on the right. 

not detected in the DU145, LNCaP, or PC-3 cell lines (Fig. 3S), 
or in the ARCaP media under these experimental conditions 
(data not shown). Immunocytochemistry data confirmed that 
MMP-26 was locaUzed inside the ARCaP cells (Fig. 3C) in a 
polarized manner. 

Inhibitory Effects ofAnti-MMP-26 and Anti-MMP-9 Antibod- 
ies on the Invasiveness of ARCaP Cells—To determine the role 
of MMP-26 and MMP-9 in ARCaP cell invasiveness, antibodies 
targeting the metalloproteinase domain of MMP-26 and target- 
ing MMP-9 were utilized during in vitro cell invasion assays. 

Normal 
prostate 

Prostatitis 

Carcinoma 

Prostate tissues 

FIG. 2. Comparison of MMP-26 expression in human normal 
and pathological prostate tissues. A, immunohistochemistry and 
localization of MMP-26 in human prostate carcinoma (15 patient cases), 
prostatitis (9 cases), benign prostate hyperplasia (12 cases), and normal 
prostate gland tissues (7 cases). Cells stained red indicate MMP-26 
expression. Photographs were taken under a microscope with X400 
magnification. B, densitometric analysis of MMP-26 expression in hu- 
man prostate tissues. The quantification analysis was described under 
"Materials and Methods." Four pictures were taken from each sample 
with X 200 magnification. The epithelial regions were selected and the 
staining area and total selected area were obtained by IMA and ana- 
lyzed by one-way ANOVA with LSD correction. Data shown are the 
mean ± S.D. values from the different prostate tissues. *, p < 0.01. 
BPH, benign prostate hyperplasia; Normal, normal prostate tissue; 
Carcinoma, prostate adenocarcinoma. 

We found significant (p < 0.01) reduction in the invasive po- 
tential of ARCaP cells through FN at concentrations of 10 
(62.4%) and 50 fj,g/ml (46.0%) for the MMP-26 antibody (Fig. 
4A), and at concentrations of 10 (55.9%) and 25 p.g/ml (53.1%) 
for the MMP-9 antibody (Fig. 4B), when compared with the 
preimmune IgGs. We also found significantly (p < 0.01) re- 
duced invasive potential in the movement of ARCaP cells 
through type IV collagen at concentrations of 10 (29.3%) and 50 
/Mg/ml (18.8%) for the MMP-26 antibody (Fig. 4A), and at con- 
centrations of 10 (52.2%) and 25 /ng/ml (28.0%) for the MMP-9 
antibody (Fig. 4B), when compared with the preimmune IgG. 
Antibody targeting the pro-domain of MMP-26 also signifi- 
cantly decreased the invasive potential of ARCaP cells through 
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FIG. 3. MMP-26 mRNA and protein expression in ARCaP cells. 
A, reverse transcriptase-PCR analysis of MMP-26 mRNA in ARCaP. 
DU145, LNCaP, and PC-3 cell lines. MMP-26 plasmid is used as control 
(top panel, lane 1). The mRNA levels of a glycolysis pathway enzyme. 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), are shown in the 
bottom panel as a positive control to normalize cellular mRNA concen- 
tration. B, Western blot analysis of MMP-26 protein in ARCaP, DU145, 
LNCaP, and PC-3 cell lines. The last lane is recombinant pro-MMP-26 
as a control. C, immunocytochemistry localization of MMP-26 in ARCaP 
cells. Left panel, the primary antibody is rabbit anti-MMP-26 antibody; 
right panel, the primary antibody is preimmune IgG from the same 
rabbit. Red staining indicates MMP-26 expression. Scale bars = 12 inm. 
Arrows show the positive staining signals. The cells were counter- 
stained with hematoxylin for viewing of negatively stained cells 
(purple). 

FN and type IV collagen (data not shown). These results show 
that both anti-MMP-26 and anti-MMP-9 antibodies signifi- 
cantly inhibit ARCaP cell invasion through FN and type 
IV collagen. 

MMP-26 Protein Expression in Stable Transfectants by Im- 
munocytochemistry and Western Blotting—To further con- 
firm the role of MMP-26 in ARCaP cell invasion, we trans- 
fected pCR 3.1 vectors containing full-length MMP-26 cDNA 
in both sense and antisense orientations into ARCaP cells. 
Immunocytochemistry and Western blotting were performed 
to determine MMP-26 protein expression levels in the paren- 
tal cells in addition to the sense and antisense MMP-26 
construct-transfected cells. Immunocytochemistry showed 
very strong MMP-26 staining in both the parental ARCaP 
and sense MMP-26 construct-transfected cells, whereas the 
antisense MMP-26 construct-transfected cells exhibited only 
minimal staining for MMP-26 (Fig. 5A), Western blotting 
revealed strong MMP-26 bands in the parental ARCaP and 
sense MMP-26 construct-transfected cells, whereas only a 
very faint band was detected in the antisense MMP-26 con- 
struct-transfected cells. No MMP-26 was detected in the cell 
culture media (Fig. 5B). 

Reduction of Invasiveness of MMP-26 Antisense Stable 
Transfectants—Both the parental ARCaP and sense MMP-26 
construct-transfected cell lines invaded through either FN or 
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FIG. 4. Blocking of ARCaP cell invasion through FN and type 
IV collagen by MMP-26 and MMP-9 antibodies. The invasion assay 
was performed with modified Boyden chambers. The MMP-26 antibody 
is a rabbit anti-human MMP-26 metallo-domain antibody. The MMP-9 
antibody is a mouse anti-human MMP-9 monoclonal antibody. The 
percentage of invading cells was quantified as described under "Mate- 
rials and Methods." A, comparison of the invaded cell number in the 
presence of MMP-26 antibody/preimmune IgG. Control, preimmune 
rabbit IgG and the final concentration is 50 (xg/ml. Ten and 50 ;u,g of IgG 
means the final concentrations are 10 and 50 /xg/ml, respectively. B, 
comparison of the invaded cell number in the presence of MMP-9 
antibody/preimmune IgG. Control, preimmune mouse IgG and the con- 
centration is 25 /j-g/ml. Ten and 25 ixg of IgG means that the concen- 
trations are 10 and 25 iu.g/ml, respectively. The invaded cell numbers of 
the preimmune IgG treatment were used as the 100% invasiveness. 
Type rV, type IV collagen. Data shown are the mean ± S.D. values from 
four separate experiments for each group. *, p < 0.01; **, p < 0.001. 

type IV collagen in vitro during cell invasion assays (Fig. 6A), 
but without a marked difference (p > 0.05) in their invasive 
potentials (Fig. 6B). Antisense MMP-26 construct-transfected 
cells showed a significant (p < 0.01) decrease in invasive po- 
tential through the same materials (44.0 and 23.5%, respec- 
tively) when compared with parental ARCaP cells (Fig. 6, A 
and B). A significant (p < 0.01) difference between the sense 
and antisense MMP-26 construct-transfected cells was also 
noted (Fig. 6, A and B). 

Reduced Levels of Active MMP-9 in MMP-26 Antisense Sta- 
bly Transfected Cells—To determine the role of MMP-26-medi- 
ated MMP-9 activation in ARCaP cell invasion, the level of 
MMP-9 in conditioned media samples collected from the Boy- 
den chambers during in vitro cell invasion assays was detected. 
Western blotting revealed a strong 86-kDa band of active 
MMP-9 in the conditioned media from parental ARCaP and 
sense MMP-26 construct-transfected cells. A similar band, but 
of weaker intensity, was detected in the conditioned media 
collected from the antisense MMP-26 construct-transfected 
cells (Fig. 7A). Semiquantitative analysis revealed that the 
active form of MMP-9 was significantly decreased (p < 0.01) in 
both the FN and type IV collagen invasive assay media from 
the antisense MMP-26 construct-transfected cells (Fig. IB). 
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FIG. 5. MMP-26 protein expression in parental ARCaP, sense 
MMP-26 construct, and antisense MMP-26 construct stably 
transfected cells. A, immunocjrtochemistry of MMP-26 expression in 
parental AECaP, sense MMP-26 construct, and antisense MMP-26 
construct stably transfected cells. Red staining indicates MMP-26 ex- 
pression. Arrows show examples of the positive staining signals. The 
cells were counterstained with hematoxylin for viewing of MMP-26 
negative cells (purple). B, Western blot analysis of MMP-26 protein 
expression. Parental ARCaP, sense MMP-26 construct, and antisense 
MMP-26 construct stably transfected cells were cultured utilizing an 
equivalent number of cells. Conditioned medium samples were collected 
prior to cell lysis. 

Co-localization of MMP-26 with MMP-9 in Parental and 
MMP-26 Sense Gene Stably Transfected ARCaP Cells, and 
Co-expression of MMP-26 and MMP-9 in Human Prostate Car- 
cinoma Tissue Samples—Double immunofluorescence experi- 
ments were performed in parental AECaP and MMP-26 stably 
transfected cells with human MMP-26 sense or antisense 
genes. The red color indicates MMP-26 and the green color 
indicates MMP-9 protein staining. Merged images show a color 
shift to orange-yellow, indicating co-localization between 
MMP-26 and MMP-9. Confocal laser scanning microscopic 
analysis revealed co-localization of both proteins in the cyto- 
plasm of parental AECaP (Fig. M, a-d) and sense-transfected 
cells (Fig. 8A, e-h), but not in the antisense-transfected cells 
(Fig. 8A, i-l). Very weak signals were detected in parental 
AECaP control cells using purified preimmune IgG for the 
detection of MMP-26 and nonimmune goat sera for the detec- 
tion of MMP-9 (Fig. 8A, m-p). MMP-26 and MMP-9 proteins 
were also found to be co-expressed in human prostate carci- 
noma tissue samples (Fig. 8B). 

DISCUSSION 

MMP-26 is able to activate MMP-9 by cleavage at the Ala'*^- 
Met®* site of the prepro-MMP-9, which is the same cleavage 
site detected previously during activation with HgClg (28), 
human fibroblast-t5rpe collagenase (17), phenylmercuric acid 
(29), and aminophenylmercuric acid (30). This activation was 
confirmed by the effective cleavage of FN using MMP-9 acti- 
vated by MMP-26. These results indicate that the z3rmogen 
form of MMP-9 can be transiently activated without the pro- 
teoljrtic loss of the cysteine (Cys®®)-switch residue, even though 
these findings may appear to be in conflict with the original 
Cys-switch hypothesis (31). The 86-kDa form of MMP-9 may 
also be further activated to produce lower molecular mass 
active species similar to the process activated by other MMPs 
(17). Among all the MMPs, matrilysin (MMP-7) and MMP-26 
share domain structures with pro- and metalloproteinase do- 
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FIG. 6. Invasion of parental ARCaP, sense, or antisense 
MMP-26 construct stably transfected cells through FN and type 
IV collagen. A, cells that invaded to the lower surface of the membrane 
were photographed under a microscope with X40 magnification. B, the 
percentage of invading cells in parental and MMP-26 sense or antisense 
construct stably transfected ARCaP cells. The cell numbers of the 
invaded parental cells were used as 100% invasiveness. The cells were 
counted and analyzed as described under "Materials and Methods." 
Data shown are the mean ± S.D. values from three separate experi- 
ments for each group. *, p < 0.01; **, p < 0.001. 

mains only and are both expressed in epithelial cells (6-9). 
Therefore, MMP-26 is also named as matrilysin-2 (8). Both 
MMP-26 and MMP-7 could activate MMP-9 but their cleavage 
sites in pro-MMP-9 are different. Matrilysin cleaved MMP-9 at 
two sites, Glu^^-Met«° and Arg^'^-Phe^o'^ of the prepro-MMP-9 
(17). Our current results also demonstrated that the MMP-9 
activation mediated by MMP-26 is much slower than that 
mediated by MMP-7, but the activation products are much 
more stable when compared with the products of activation by 
MMP-7. This indicates that activation of MMP-9 by MMP-26 is 
prolonged but persistent, which is consistent with the process 
of tumor cell invasion. MMP-26 did not cleave pro-MMP-2, 
another gelatinase, indicating that pro-MMP-9 activation by 
MMP-26 is highly selective. MMP-9 is a powerful enzyme, and 
is considered to be an important contributor to the processes of 
invasion, metastasis, and angiogenesis in various tumors (11- 
14, 32-36). 

This work has tested the h3rpothesis that MMP-26 may en- 
hance human prostate cancer cell invasion via the activation of 
pro-MMP-9 using an AECaP cell line as a working model. The 
AECaP cell line is a highly invasive and metastatic human 
prostate cancer cell line that expresses both MMP-9 (15) and 
MMP-26. We found that MMP-26 mRNA was detected in the 
ARCaP cell line and two other human prostate carcinoma cell 
lines, DU145 and LNCaP, but the MMP-26 protein was only 
detected in AECaP cells. More importantly, high levels of 
MMP-26 protein were also detected in human prostate carci- 
noma cells by immunohistochemistry, but only low expression 
was seen in prostatitis, benign prostate hjrperplasia, and nor- 
mal prostate tissues. This is in agreement with reports of 



15064 MMP-26 in Prostate Cancer Invasion 

33. Li, y., and Sarkar, F. H. (2002) Cancer Lett. 186, 157-164 37. Park, H. I., Turk, B. E., Gerkema, F. E„ Cantley, h. C, and Sang, Q.-X. (2002) 
34. Mase, K., Iijima, T., Nakamura, N., Takcuchi, T., Onizuka, M., Mitsui, T., and J. Biol. Chem. 277, 35168-36175 

Noguchi, M. (2002) Lung Cancer 86, 271-276 38. Seftor, E. E., Seftor, E. A., Koshikawa, N„ Meltzer, P. S., Gardner, L. M„ 
35. Singer, C, F., Kronsteiner, N., Marten, E., Kubista, M., CuUen, K. J., Bilban, M,, Stetler-Stevensen, W, G., Quaranta, V., and Hendrix, M. J. 

Hirtcniehner, K., Seifert, M., and Kubista, E, (2002) Breast Cancer Res. (2001) Cancer Res. 61, 6322-6327 
Treat. 72, 69-77 89. Marchenko, N. D., Marchenko, G. N., and Strongin, A, Y, (2002) J. Biol. Chem. 

36. Ncmcth, J. A., Yousif, R., Herzog, M., Che, M., Upadhyay, J., Shekarriz, B., 277,18967-18972 
BIiagat,S.,MulIins,C.,Fridman,R., and Cher, M.L. (2002) J,J¥aa.Corecer 40, Nguyen, M., Arkell, J., and Jackson, C, J. (1998) J. Biol. Chem   273, 
Inal. M, 17-25 5400-B404 



THE JOURNAL OF BIOLOGICAL CHEMISTRY 
© 2003 by The American Society for Biochemistry and Molecular Biology, Inc. 

Vol. 278, No. 51, Issue of December 19, pp. 51646-51653, 2003 
Printed in U.S.A. 

The Intermediate S^' Pocket of the Endometase/Matrilysin-2 Active 
Site Revealed by Enzyme Inhibition Kinetic Studies, 
Protein Sequence Analyses, and Homology Modeling* 

Received for publication, September 11, 2003 
Published, JBC Papers in Press, October 7, 2003, DOI 10.1074/jbc.M310109200 

Hyun I. Park, Yonghao Jin, Douglas R. Hurst, Cyrus A. Monroe, Seakwoo Lee, 
Martin A. Schwartz, and Qing-Xiang Amy SangI 

From the Department of Chemistry and Biochemistry and Institute of Molecular Biophysics, Florida State University, 
Tallahassee, Florida 32306-4390 

Human matrix metalloproteinase-26 (MMP-26/endo- 
metase/matriIysin-2) is a newly identified MMP and its 
structure has not been reported. The enzyme active site 
Si pocket in MMPs is a well defined substrate P^' amino 
acid residue-binding site with variable depth. To ex- 
plore MMP-26 active site structure-activity, a series of 
new potent mercaptosulfide MMP inhibitors (MMPIs) 
with Leu or homophenylalanine (Homophe) side chains 
at the Pi' site were selected. The Homephe side chain is 
designed to probe deep S^' pocket MMPs. These inhibi- 
tors were tested against MMP-26 and several MMPs with 
known x-ray crystal structures to distinguish shallow, 
intermediate, and deep S^' pocket characteristics. 
MMP-26 has an inhibition profile most similar to those 
of MMPs with intermediate Sj' pockets. Investigations 
with hydroxamate MMPIs, including those designed for 
deep pocket MMPs, also indicated the presence of an 
intermediate pocket. Protein sequence analysis and ho- 
mology modeling further verified that MMP-26 has an 
intermediate Sj' pocket formed by Leu-204, His-208, and 
Tyr-230. Moreover, residue 233 may influence the depth 
of an MMP Sj' pocket. The residue at the equivalent 
position of MMP-26 residue 233 is hydrophilic in inter- 
mediate-pocket MMPs (e.g. MMP-2, -8, and -9) and hydro- 
phobic in deep-pocket MMPs (e.g. MMP-3, -12, and -14). 
MMP-26 contains a His-233 that renders the S^' pocket to 
an intermediate size. This study suggests that MMPIs, 
protein sequence analyses, and molecidar modeling are 
useful tools to understand structiu-e-activity relation- 
ships and provides new insight for rational inhibitor 
design that may distinguish MMPs with deep versus in- 
termediate Si' pockets. 
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Matrix metalloproteinases (MMPs,^ matrixins) are believed 
to participate in angiogenesis, embryonic development, mor- 
phogenesis, reproduction, tissue resorption and remodeling, 
and tumor growth, progression, invasion, and metastasis 
through breakdown of the extracellular matrix, cell surface 
proteins, and processing growth factors, cytokines, and chemo- 
kines (1-3). Recently, human MMP-26 (endometase/matrilysin 
2) was identified and its mRNA expression was detected in 
normal tissues of the human uterus and placenta, and in many 
types of malignant tumors (4-7). Characterization of the 
MMP-26 promoter suggests that this proteinase may be ex- 
pressed in cancer cells of epithelial origin (8). MMP-26 may 
play an important role in human prostate and breast cancer 
invasion (9-10). 

MMP-26 cleaves type I gelatin, a^-proteinase inhibitor, fi- 
brinogen, fibronectin, vitronectin, type IV collagen, and insu- 
lin-like growth factor binding protein-1 (4, 7, 11). Studies of 
MMP-26 indicate that it has substrate specificity similar to 
other MMPs, with the exception of a preference for lie at the Pg 
and P2' positions, for small residues at the Pg' and P4' posi- 
tions, and Lys at the P4 position (11). MMP-26 also hydrolyzes 
several synthetic fluorogenic peptide substrates designed for 
stromelysin-1, gelatinases, collagenases, and tumor necrosis 
factor-a converting enzyme (4, 11). According to these peptide 
substrate studies, MMP-26 may be capable of cleaving a broad 
range of substrates, although it has less catalytic efficiency 
than other MMPs. 

X-ray crystal structures of MMPs illustrate that overall to- 
pology and secondary structures are conserved (12-18). The Sj' 
pocket, a hydrophobic pocket of variable depth, is a well defined 
substrate P^'-binding site in MMPs. Three types of S^' pockets 
can be distinguished from the available structures of MMPs 
(19-20). One type is a shallow pocket, as found in MMP-1 
(human fibroblast coUagenase; 13) and MMP-7 (matrilysin; 16), 
where the pockets are limited by the side chains of Arg and Tyr, 
respectively, crossing the pockets. Many of the structurally 
known MMPs possess Leu at the corresponding site, and its 
side chain forms the top of the pocket rather than crossing the 
pocket. These Leu-containing MMPs may be further classified 
as deep and intermediate S^' pocket MMPs. A deep, tunnel-like 
pocket is found in MMP-3 (stromelysin-1; 12), MMP-12 (me- 
talloelastase; 17), and MMP-14 (MTl-MMP; 21), whereas 
MMP-2 (gelatinase A; 22), MMP-8 (human neutrophil coUagen- 
ase; 15), and MMP-9 (gelatinase B; 23) possess an intermedi- 

^ The abbreviations used are: MMP, matrix metalloproteinase; Boc, 
fert-butoxycarbonyl; Brij-35, polyoxyethylene lauryl ether; Homophe, 
homophenylalanine; Mca, (7-methoxycoumarin-4-yl)acetyl; Dpa, Ar-3- 
(2,4-dinitrophenyl)-2,3-diaminopropionyl; MMPI, matrix metallopro- 
teinase inhibitor. 
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FIG. 1. Structures of new mercaptosulfide MMP inhibitors. The diastereomer notation in the ring system is started from the a carbon of 
the mercapto group. 

TABLE I 
Inhibition of human MMPs by mercaptosulfide MMP inhibitors 

X?pp 

Inhibitor Shallow Deep Intermediate 

MMP-1 MMP-7 MMP-3 MMP-12 MMP-14 MMP-2 MMP-8 MMP-9 MMP-26 

nM rnn nM 

MAG-181 680 710 2500 1,300 259 85 4.1 44 81 
MAG-182 49 40 470 130 24 1.1 0.89 0.57 17 
YHJ-72 >12 X 10" 5,500 150 130 380 930 530 180 160 
YHJ-73 >12 X 10^ 1,000 100 13 16 20 70 8.6 28 
YHJ-294-1 5,200 3,500 >40 X 10" 16,000 3,000 430 130 550 450 
YHJ-294-2 100 26 360 93 13 6.1 1.2 1.2 2.8 
YHJ-74 3600 270 117 20 88 300 220 82 
YHJ-75 2400 300 21 5.6 3.7 6.9 44 3.0 8.6 

ate-sized pocket, which is neither deep nor shallow. An enzyme 
with a shallow pocket prefers large, aliphatic residues in the 
Pj' position, such as Leu and Met (24-25). The remainder of 
the MMPs can accommodate larger amino acid derivatives, 
such as homophenylalanine, in the P^' position (26). 

MMP-26, composed of 261 amino acid residues and lacking a 
hemopexin-like domain, represents the smallest member of the 
MMP family. The primary structure of MMP-26 can be divided 
into three regions that include a signal peptide, a propeptide 
domain, and a cataljrtic domain. MMP-26 identification, ex- 
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FIG. 2. Structures of commercially 
available hydroxamate MMP inhibi- 
tors. Calbiochem 444237, 444238, and 
444225 are three known inhibitors of deep 
Si' pocket MMPs. 

Calbiochem 444238 

OMe 

OMe 

GM-6001 Calbiochem 444225 

TABLE II 
Inhibition of MMP-26, MMP-7, and MMP-12 by 

hydroxamate MMP inhibitors 

Inhibitor 
Xfw 

MMP-26 MMP-7 MMP-12 

IIM 

OM6001 0.36° 3.7 3.6 
444237 1.5° 225 0,20 
444238 60° 5.7 X 10" 36 
444225 43 2100 3.4 

° Values from Bef. 11. 

Shallow Si'  Pocket MMPs 
203 235 

MMP-1 HRVAAaSLGJJ SLGLSHSTDI OALIWPSYTFSGD 
MMP-7   UmhTHEhGH  SLOIGHSSDP HAVMYPTyGHGDP 

Deep Si' Pocket MMPs 
MMP-3 FLVAARBIGH SLGLFJfSANT BALMYPLYHSLTD 
MMP-12 FLTAVHBIGH SLGLGBSSDP KAVMPPTyKYVDI 
MMP-14  PtVAVHELGH ALQLEHSSDP SAIWAPPYQWHDT 

Intermediate Si'   Pocket MMPs 
MMP-2 PI.VAAHBPGH AMGLEHSQDP GALMAPIYTYTKH 
MMP-8 FEVAAHBPSH SLSLAHSSDP GALMyPNYAFRET 
MMP-9 WVVIAHEFGH ALCSLDBSSVP EALMypMYRFTEG 
MMP-26     FVrhTBBIGH SLSLQHSGNQ  SSIMYPTYWOTDP 

RG. 3. The sequence alignment of eight MMPs. The alignment 
was determined using the Genetic Computer Group (Wisconsin Pack- 
a^, version ID, Madison, WI, 2002) program PILEUP with a default 
gap weight of 8 and a gap length weight of 2 based on the ftdl protein 
sequences without propeptide regions. Boldface amino acid residues 
form the Sj' pocket. Italicized sequences are metal binding consensus 
sequences. Underlined residues may determine Si' pocket characteris- 
tics. To align MMP-2 and MMP-9, the 183-residue insert of fibronectin 
type Il-like modules were deleted before the alignment. The residue 
numbering system is based on the sequence of MMP-26 (4). 

pression, and substrate specificity have been explored by sev- 
eral groups (4-11). However, the Sj' pocket characteristics of 
MMP-26 are unknown because of the absence of an MMP-26 
x-ray crystallographic structure. Therefore, in this study we 
have utilized previously characterized and newly developed 
mercaptosulfide MMFIs (27-29) together with protein se- 
quence analyses and molecular modeling to understand the S^' 
pocket characteristics of MMP-26. 

EXPEEIMINTAL PROCEDURES 

Materials—^The fluorescent peptide substrates for MMPs used in this 
study were purchased from Bachem Chemical Co. The metal salts and 

Brij-35 were purchased from Fisher Scientific Inc. The hydroxamate 
MMPIs 444237, 444238, 444225, and GM6001 were purchased fitjm 
Calbiochem. All other chemicals were purchased from Sigma. 

The mercaptosulfide inhibitors were prepared and characterized as 
previously described (27-29). cis-l-Acetylthio-2-tert-butoxycarbonyl- 
thiocyclopentane and cis-3-acetylthio-4-tert-butoxycarbonylthio-iV-tert- 
butoxycarbonylpyrrolidine were synthesized (29) and S-alkylated with 
(2S)-2-bromo-4-methylpentanoic acid or (2S)-2-bromo-4-phenylbutanoic 
acid; the latter bromoacids were derived from L-leucine and L-homophe- 
nylalanine, respectively (27). Subsequent coupling with L-PheNHMe or 
L-leucine-p-methoxyanilide (27) afibrded the S-Boc and JV-Boc protected 
inhibitors as mixtures of two diastereomers. The JV-Boc group was 
selectively removed and replaced by the other acyl groups (29), The 
diastereomers were separated by flash chromatography on silica gel or 
by reverse-phase preparative high performance liquid chromatography 
on a C18 column. The slower-eluting S-Boc protected diastereomer 
exhibited the more potent MMP inhibition in each case. Its stereochem- 
istry was assigned by 'H NME NOE analysis (MAG-182), x-ray crys- 
tallography (YHJ-294-2) (29), or by analogy. Finally, the S-Boc protect- 
ing groups were removed by brief treatment with 2 N HCl in acetic acid 
and the mercaptosulfide inhibitors were isolated by lyophilization of the 
reaction mixture. 

MAG-181: m.p. 174-176 "C; laT% + 11.2° (c = 0.4. MeOH); analysis 
(CHNS). S-Boc derivative: m.p. 118-119 °C; [a]% -I- 33.5° (c = 0.49, 
MeOH); analysis (CHNS). 

MAG-182: m.p, 173-174 °C; [a]% + 98,6° (c = 0.45, MeOH); anal- 
ysis (CHNS). S-Boc derivative: m.p. 159-160 »C; [a]% + 63.4 (c = 0.52, 
MeOH); analysis (CHNS). 

YHJ-72: m.p. 136-137 "C; (al^'u - 67.9° (c = 0.14, CHCI3); analysis 
(CHNS). S-Boc derivative: m.p. 94-95 °C; W% -^0.4° (c = 0.24, 
CHCI3); analysis (CHNS). 

^111-73: m.p. 145-146 "C; [a]% - 0.7° (c = 0.14, CHCI3); analysis 
(CHNS). S-Boc derivative: m.p. 126-127 °C; [a]^% - 8.8° (c = 0.25, 
CHCI3); HEMS. 

YHJ-294-1: m.p. 98-100 °C; [a]% + 54.4° (c = 0.50, MeOH); anal- 
ysis (CHNS). S-Boc derivative: m,p, 123-124 °C; [a]*"!, + 11,5° (c = 
0.55, MeOH); analysis (CHNS). 

YHJ-294-2: m.p. 128-130 "C; W^^D + 38.5° (c = 0.40, MeOH); anal- 
ysis (CHNS). S-Boc derivative: m.p. 173-175 °C; laf% + 82.6° (c = 
0.50, MeOH); analysis (CHNS). 

YHJ-74: m.p. 174-175 'C; W^"!, 
S-Boc derivative: m.p. 112-113 °C; 
analysis (CHNS), 

YHJ-75: m.p. 105-106 °C; laf% - 35.4° (c = 0.24, CHCI3); analysis 
(CHNS). S-Boc derivative: m.p. 171-172 'C; W% + 17.2° (c = 0.25, 
CHCI3); HEMS. 

Enzyme Preparation and Folding of the Denatured Protein—MMP- 
7/matrilysin, MMP-3/stromely8in-l (30), and MMP-12/metalloelastase 
(4) were kindly provided by Dr. Harold E. van Wart (Roche Diagnostics), 

2.4° (c = 0.50, CDCI3); HEMS. 
P% - 42.1° (c = 0,24, CHCL); 
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Professor L. Jack Windsor (Indiana University), and Dr. C. Bruun 
Schi0dt (OsteoPro A/S), respectively. MMP-1/human fibroblast colla- 
genase, MMP-2/human fibroblast gelatinase, MMP-8/human neutro- 
phil coUagenase, and MMP-9/human neutrophil gelatinase were de- 
scribed previously (30, 31). The catalytic domain of MTl-MMP/MMP-14 
was provided by Professor Harald Tschesche (Bielefeld University) (32). 
MMP-26 was prepared as described previously (4, 11). Briefly, MMP-26 
was expressed as inclusion bodies from a transformed BL-21 DE3 
strain. After bacterial insoluble body preparation with B-Per''''' rea- 
gent, the isolated insoluble protein was folded by following the proce- 
dures previously outlined (4-11). The total MMP-26 concentration was 
measured by UV absorption and calculated with the molar extinction 
coefficient e^go = 57130 M"' cm~^. The active concentration of MMP-26 
was determined by titration with GM6001, a tight-binding inhibitor, as 
described previously (11). 

Kinetic Assays and Inhibition of Endometase—The substrate Mca- 
PLGLDpaAR-NH2 was used to measure inhibition constants (11, 33). 
Enzymatic assays were performed at 25 "C in 50 mM HEPES buffer at 
pH 7.5 in the presence of 10 mM CaCla, 0.2 M NaCl, and 0.01 or 0.05% 
Brij-35 with substrate concentrations of 1 JJLU. The release of product 
was monitored by measuring fluorescence (excitation and emission 
wavelengths of 328 and 393 nm, respectively) with a PerkinElmer 
luminescence spectrophotometer LS 50B connected to a temperature 
controlled water bath. All stock solutions of inhibitors were in metha- 
nol. For inhibition assays, 10 lA of inhibitor stock solution, 176 ;xl of 
assay buffer, and 10 jul of enzyme stock solution were mixed and 
incubated for 30 to 60 min prior to initiation of the assay, which was 
accomplished by adding and mixing 4 /LII of the substrate stock solution. 
Enzyme concentrations ranged from 0.2 to 7 nM during the assay. 
Apparent inhibition constant (Kf^^) values were calculated by fitting 
the kinetic data to the Morrison equation for tight-binding inhibitors 
(34, 35), where v; and v^ ^re the initial rates with and without inhibitor, 
respectively, and [S]„ and [/]„ are the initial (total) enzyme and inhib- 
itor concentrations, respectively. 

Vi [El - [/]„ - Kf' + V(mo + gf- - [Elf + 4[E]JQ^' 
21EI 

(Eq. 1) 

Determination of Mercaptosulfide Inhibitor Concentration—The ac- 
tive inhibitor concentrations were estimated by titrating the mercapto 
group with 5,5'-dithiobis(2-nitrobenzoic acid) (EUman's reagent) as de- 
scribed previously (36, 37). Briefly, the reaction of 5,5'-dithiobis(2- 
nitrobenzoic acid) with the mercapto group produces 2-nitro-5-thioben- 
zoic acid. The concentration of 2-nitro-5-thiobenzoic acid is then 
measured by monitoring the absorbance at 412 nm. Cysteine was used 
to generate the standard curve with a molar extinction coefficient of 
14,000 ± 500 M"-^ cm"^, which is close to the value in the literature (37). 

Computational Protein Sequence Analyses and Homology Modeling 
Structure of MMP-26—The sequence alignment of MMP catalytic do- 
mains was performed by the PILEUP program in Genetics Computer 
Group (GCG) software (Wisconsin Package version 10), with a default 
gap weight of 8 and gap length weight of 2. To align MMP-2 and -9, the 
183-residue inserts of fibronectin type Il-like modules were deleted 
before the alignment. The homology modeling structure of the MMP-26 
catalytic domain was constructed using the Swiss Model program (38- 
40) with the crystal structure of the MMP-12-inhibitor complex (Protein 
Data Bank number 1JK3) (17) as a template. The mercaptosulfide 
inhibitors were computationally docked into the active site of MMP-26 
with MacroModel version 7.2 (41, 42). Global minimization calculations 
were performed by the Monte Carlo molecular mechanical minimiza- 
tion method (43) with the Amber force field modified to include param- 
eters for zinc and calcium. Residues within 7 A of the inhibitor were 
included in the minimizations. All modeling was performed using the 
continuum solvent model. The crystallographic structures of MMP-1 
(Protein Data Bank number IHFC) (44), MMP-7 (Protein Data Bank 
number IMMQ) (16), MMP-8 (Protein Data Bank number IBZS) (45), 
MMP-12 (Protein Data Bank number 1JK3) (17), and MMP-14 (Protein 
Data Bank number IBUV) (21) were used for comparison of the S^' 
pocket. 

RESULTS 

Inhibition ofMMPs with Mercaptosulfide MMPIs—An inhib- 
itor set consisting of eight mercaptosulfide inhibitors was cho- 
sen to evaluate the S-^' pocket of MMP-26 (Fig. 1). These inhib- 
itors contain Pj^' and P2' residues and have a mercapto and a 
sulfide group as a possible bidentate metal-binding moiety. The 
inhibitors contain a Leu side chain (MAG-181 and -182 and 

FIG. 4. A modeled structure of MMP-26 complexed with YHJ- 
294-2. A, the overall protein structure is shown as a molecular surface 
and the residues coordinating the cataljrtic Zn(II) (magenta sphere) are 
represented as brown sticks (His-208, His-212, and His-218). The in- 
hibitor YHJ-294-2 is represented as a tube with atoms colored as 
follows: green, carbon; red, oxygen; blue, nitrogen; andyellow, sulfur. B, 
a close-up view of the S^' pocket reveals that Leu-204, His-208, and 
Tyr-230 may be involved in formation of the pocket walls represented as 
pink molecular surfaces. The depth of the pocket may be limited by 
His-233 (light blue molecular surface). The three His residues coordi- 
nating the Zndl) (blue sphere) are represented by tubes colored as 
described in A. The homology-modeled structure of MMP-26 was gen- 
erated with the Swiss Model program (38-40) using the x-ray crystal- 
lographic structure of a cd-MMP-12-inhibitor complex as a template 
(Protein Data Bank code 1JK3) (17). The resulting MMP-26 structure 
was docked with YHJ-294-2 and energy-minimized as described under 
"Experimental Procedures." 

YHJ-294-1 and -2) or a Homophe side chain (YHJ-72, -73, -74, 
and -75) at the P^' site. These inhibitors were tested against 
MMPs with known pocket characteristics (MMP-1-3, -7-9, -12, 
and -14). The inhibition potency of this class of inhibitors for 
the MMPs is significantly enhanced with a fi-H configuration 
at the five-membered ring containing the mercapto and sulfide 
groups. The inhibitors with a Leu side chain are more potent 
against the shallow pocket MMPs, MMP-1/human fibroblast 
collagenase, and MMP-7/matrilysin than those with a Ho- 
mophe side chain. Inhibitors with a Homophe side chain (YHJ- 
72, -73, 74, and -75) were more potent against the known 
deep-pocket MMPs such as MMP-3, -12, and -14 than those 
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FIG. 5. The x-ray crystallographic structure MMP-S (Protein Data Bank munber IBZS) (45) and homology modeled MMP-26 

with Leu side chain. The inhibitors with the Leu side chain at 
the Pj' site (MAG-182 and YHJ-294-2) inhibit MMP-7 (40 and 
26 mi, respectively) and MMP-12 (130 and 93 nM, respectively) 
without significant differences in Kf^^ values. However, the 
presence of Homophe at the P^' site dramatically distinguishes 
MMP-12 fi-om MMP-7. YHJ-73 efficiently inhibits MMP-12 (13 
nw), however, the potency is decreased to 1 ^M against MMP-7. 
This trend is also displayed by YHJ-75, which has a high nM 
XfPP value against MMP-7 (300 HM) but retains potency against 
MMP-12 (5.6 nM). This dramatic change of potency because of 
changes in the P^' site of the inhibitors is consistently observed 
with the remaining shallow- and deep-pocket MMPs. 

MMPs with an intermediate pocket can also accommodate 
the Homophe at the P^' residue. However, the difference in 
inhibitor potency observed with Leu or Homophe at the Pj' 
residue is not as remarkable as that in the shallow- and deep- 
pocket MMPs. Inhibitors containing Leu at the Pj' site (MAG- 
182 and YHJ-294-2) are only slightly more potent against 
MMP-2 and MMP-9 than inhibitors with Homophe (YHJ-73 
and -75). These Homophe inhibitors are still potent against 
MMP-8 with KfP" values in the low nanomolar range. In gen- 
eral, these results indicate that mercaptosulfide inhibitors are 
suitable for characterizing the S^' pocket of MMPs. 

Characteristics of the Sf Pocket of MMP-26 as Probed by 
Mercaptosulfide MMPIs—Inhibition constants for the inhibi- 
tors in Pig. 1 were measured with MMP-26 (Table I). YHJ- 
294-2 is the most potent inhibitor of MMP-26 among the mer- 
captosulfide inhibitors tested, with a Kf'' value of 2.8 nM. 
MMP-26 also favors the fi-H configuration at the cyclopentyl or 
pyrrolidine ring moiety in the inhibitor. Addition of the urea- 
substituted pyrrolidine ring in place of the cyclopentyl ring 
(YHJ-294-1 and -2; YHJ-74 and -75) enhances the stereoselec- 

tivity for the p-H configuration. Importantly, MMP-26 prefers 
Leu over Homophe at the Sj' site, similar to the intermediate 
pocket MMPs, MMP-2, -8, and -9. 

Characterization of MMP-26 Sj' Pocket Using Commercial 
Hydroxamate MMPIs—The S^' site of MMP-26 was further 
investigated with commercially available inhibitors (Fig. 2). 
MMP-7/matrilysin was selected as a representative member of 
the shallow S^' pocket MMPs and MMP-12/metalloelastase as 
one of the deep Si' pocket MMPs for comparison purposes. The 
XfPP values of the inhibitors with MMP-7, MMP-12, and 
MMP-26 are summarized in Table II. GM6001 is a broad- 
spectrum and potent inhibitor of MMPs (Xf^^ = 0.4 nM for 
MMP-1, 0.5 nM for MMP-2, 27 nM for MMP-3, 0.1 nM for 
MMP-8, and 0.2 nM for MMP-9) (46). It is also the most potent 
synthetic MMP-26 inhibitor tested, with a Kf^^ value of 0.36 
nM. It contains a Leu residue at the P^' site, and inhibits 
MMP-7 (3.7 UM) and MMP-12 (3.6 nn) with similar XfPP values 
as observed in the mercaptosulfide inhibitors with a Leu side 
chain at the P^' site. The potent inhibitor 444237 of deep S^' 
pocket MMPs and its less potent stereoisomer 444238 were 
designed for human MMP-8 (ICgg = 4 nM and 1 /XM, respec- 
tively; 45). Inhibitor 444225 was designed to be a potent deep 
Si' pocket inhibitor of MMP-3 (K^ = 130 nM; 47). The 4-me- 
thoxybenzenesulfonyl group of these inhibitors binds at the 
deep SJ' pocket according to the crystallographic structure (45) 
and the structure-activity relationship of several derivatives 
(47). They inhibit MMP-7 and MMP-12 with at least 150-fold 
lower .KfPP values for MMP-12 than MMP-7. These deep Si' 
pocket inhibitors effectively inhibited MMP-26 with at least 
90-fold lower Kf"' values than those of MMP-7, but were more 
potent against MMP-12. These results are consistent with 
MMP-26 having an intermediate Sj' pocket. 
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FIG. 6. The x-ray crystallographic structures MMP-3 (Protein Data Bank number ICIZ) (48) and MMP-8 (Protein Data Bank 
number IBZS) (45) are shown after superimposition of zinc (black sphere) and histidine N ligands with MacroModel version 7.2. The 
proteins are represented by a flat ribbon (MMP-8) or by a line ribbon (MMP-3). The Arg-233 in MMP-8 hmits the depth of the S/ pocket that is 
not restricted in MMP-3 by Leu-233. 

Sequence Alignment and Homology Modeling Structure of 
MMP-26—Va.e folding topology and patterns of all MMP cata- 
Ijrtic domains are quite similar (19). Thus, homology modeling 
and protein sequence alignment may be useful tools to predict 
key residues involved in forming the Sj' pocket of MMP-26. 
Protein sequence alignment in Fig. 3 reveals a plausible expla- 
nation for residues participating in the formation of the S^' 
pocket of MMP-26. According to the alignment, Leu-204, His- 
208, and T5T-230 may be key residues in forming the Sj' pocket 
of MMP-26. To evaluate the prediction from the alignment, a 
homology modeled structure of the MMP-26 catalj^tic domain 
was constructed using the Swiss Model program (38-40) and 
the crystal structure of the MMP-12-inhibitor complex (Protein 
Data Bank number 1JK3) (17) as a template. The mercapto- 
sulfide inhibitors were docked into the modeled MMP-26 struc- 
ture using MacroModel version 7.2. The docked structures were 
further energy minimized as described under "Experimental 
Procedures." The overall MMP-26 structure complexed with 
YHJ-294-2 is shown in Fig. 4A. Consistent with other MMP 
family members (19), the non-primed (left) side of the MMP-26 
active site is relatively flat. The primed (right) side extends 
deeper into the surface and the well defined S^' pocket is 
clearly visible. The pocket that is formed by Leu-204, His-208, 
and Tyr-230 is illustrated in Fig. 4B. Interestingly, the depth of 
the pocket may be limited by His-233, consistent with the 
intermediate size prediction. 

DISCUSSION 

The inhibition characteristics of MMP-26 with mercaptosul- 
fide inhibitors (Table I) and hydroxamate inhibitors (Table II) 
indicate that MMP-26 does not have a shallow Sj' pocket. 
According to the protein sequence alignment in Fig. 3 and the 

crystallographic structures of MMP-7 (16) and MMP-1 (13), 
Leu-204 in MMP-26 is substituted for Tyr and Arg at the 
equivalent position in MMP-7 and MMP-1, respectively. The 
side chains of Tyr and Arg terminate the S^' pockets in these 
shallow-pocket MMPs. In the structure of MMP-26 (Fig. 4B), 
the side chain of Leu-204 forms the top wall of the S^' pocket as 
found in most MMPs. Thus, MMP-26 appears to satisfy the 
requirement for a deep-pocket MMP. However, the inhibition 
profile of MMP-26 indicates a difference in the S^' pocket of 
MMP-26 from those of other deep-pocket MMPs. The inhibitors 
with Homophe at the S^' site (YHJ-73 and -75) do not show 
better potency than those with Leu (MAG-182 and YHJ-294-2). 
For the deep-pocket MMPs, the inhibition constants are con- 
sistently lower for the Homophe inhibitors than Leu inhibitors. 
The inhibition profile of MMP-26 with mercaptosulfide inhibi- 
tors is more similar to intermediate-pocket MMPs (MMP-2, -8, 
and -9) than deep-pocket MMPs (MMP-3, -12, and -14). These 
results suggest that MMP-26 may possess an intermediate 
pocket similar to those of MMP-2, MMP-8, and MMP-9. 

A structural comparison of MMP-26 with MMP-8 further 
supports the similarity between the Sj' pockets of these two 
enzymes. The overlapping structures of MMP-8 (Protein Data 
Bank number IBZS) (45) and MMP-26 at the S^' pocket are 
displayed in Fig. 5. In MMP-8, it is known that the depth of the 
Si' pocket is restricted by the Arg-233 side chain projecting 
toward the catalytic Zn(II) (14). In MMP-26, His-233 is present 
in place of Arg-233, which may restrict the depth of the pocket 
in a similar fashion, rendering the S^' pocket to an intermedi- 
ate size. 

Based on the findings provided in this study and x-ray crys- 
tallographic structures of MMPs, the residue at the position 
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FIG. 7. The residues formiiig the Sj' pocket of each enzyme are 
shown after superimposition of zinc (magenta sphere) and his- 
tidine N ligands with MacroModel version 7.2. Inhibitors were 
removed from the x-ray crystallographic structures with Protein Data 
Bank accession numbers IHFC (MMP-1) (44), IMMQ (MMP-7) (16), 
IBZS (MMP-8) (45), 1JK3 CMMP-12) (17), and IBUV (MMP-14) (21). 
The MMP-26 structure is a homology model obtained as described 
imder "Experimental Procedures." The key residue 204 that distin- 
guishes a shallow pocket (MMP-1 and -7) is represented by a yellow 
molecular surface. Residue 233 may discriminate between the interme- 
diate (MMP-8 and -26) and deep (MMP-12 and -14) pocket sizes and is 
represented by a pink molecular surface. 

equivalent to His-233 of MMP-26 may play a key role in the 
determination of a deep or intermediate Sj' pocket. The se- 
quence analyses (Kg. 3) showed that the residue at position 
238 is hydrophobic in MMPs with deep Sj' pockets and hydro- 
philic in MMPs with intermediate pockets. The loop containing 
residue 233 may. have a different orientation depending on the 
hydrophobicity of the side chain. The superimposed x-ray crys- 
tallographic structures of MMP-8 (Protein Data Bank number 
IBZS) (45) and MMP-3 (Protein Data Bank number ICIZ) (48) 
in Pig. 6 reveals this tsrpe of structural difference between an 
intermediate-pocket MMP (MMP-8) and a deep-pocket MMP 
(MMP-3). These investigations suggest that it is possible to 
predict the Sj' pocket properties by sequence analyses of the 
key residues at the Leu-204 and His-233 equivalent positions 
in other MMPs. 

MMPs can be divided into three groups based on the char- 
acteristics of their Sj' pockets; shallow-, intermediate-, and 
deep-pocket MMPs (Pig. 7). Enzyme inhibition kinetic studies 
using MMPIs in combination with protein sequence analysis 
and homology modehng reveal that MMP-26 has an interme- 
diate Sj' pocket. Our data may provide important mechanistic 
and structural information to design MMP-26-specific inhibi- 
tors. As the need for innovations and new strategies for MMP 
inhibition in cancer and inflammation is increasing (49, 50), 

this study may shed light on the molecular mechanisms by 
which highly selective and specific inhibitors targeting an in- 
dividual MMP or subgroups of MMPs may be rationally de- 
signed and developed. 
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ABSTRACT 

Local disruption of tlie integrity of botli tlie myoepitlielial cell layer and 
the basement membrane is an indispensable prerequisite for the initiation 
of invasion and the conversion of human breast ductal carcinoma in situ 
(DCIS) to infiltrating ductal carcinoma (IDC). We previously reported 
that human endometase/matrilysin-2/matrix metalloproteinase (MMP) 
26-mediated pro-gelatinase B (MMP-9) activation promoted invasion of 
human prostate carcinoma cells by dissolving basement membrane pro- 
tems (Y. G. Zhao et al, J. Biol. Chem., 278:15056-15064,2003). Here we 
report that tissue inhibitor of metalloproteinases (TIMP)-2 and TIMP-4 
are potent inhibitors of MMP-26, with apparent X,- values of 1.6 and 0.62 
UM, respectively. TIMP-2 and TIMP-4 also inhibited the activation of 
pro-MMP-9 by MMP-26 in vitro. The expression levels of MMP-26, 
MMP-9, TIMP-2, and TIMP-4 proteins m DCIS were significantly higher 
than those in IDC, atypical intraductal hyperplasia, and normal breast 
epithelia adjacent to DCIS and IDC by immunohistochemistry and inte- 
grated morphometry analysis. Double immunofluorescence labeling and 
confocal laser scanning microscopy revealed that MMP-26 was colocalized 
with MMP-9, TIMP-2, and TIMP-4 m DCIS cells. Higher levels of 
MMP-26 mRNA were also detected in DCIS cells by in situ hybridization. 

INTRODUCTION 

Matrix metalloproteinases (MMPs) are known to be associated with 
cancer cell invasion, growth, angiogenesis, inflammation, and metas- 
tasis (1, 2). MMP-26 is a novel enzyme that was recently cloned and 
characterized by our group (3) and others (4-6). It has several 
structural features characteristic of MMPs, including a signal peptide, 
a propeptide domain, and a catalytic domain with a conserved zinc- 
binding motif, but it lacks the hemopexin-like domain (3-6). A 
unique "cysteine switch" sequence in the prodomain, PHCGVPD as 
opposed to the conserved PRCGXXD sequence found in many other 
MMPs, keeps the enzyme latent. 

MMP-26 mRNA is primarily expressed in cancers of epithelial 
origin, such as endometrial carcinomas (3, 7), prostate carcinomas (7), 
lung carcinomas (7), and their corresponding cell lines (3-6), and in 
a small number of normal adult tissues, such as the uterus (3, 5), 
placenta (4, 5), and kidney (6). Some parallels exist with MMP-7, 
which is also expressed epithelially and also lacks the hemopexin-like 
domain. We have also reported that the levels of MMP-26 gene and 
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protein expression are higher in a malignant choriocarcinoma cell line 
(JEG-3) than in normal human cytotrophoblast cells (8). Recently, we 
found that the levels of MMP-26 protein in human prostate carcino- 
mas fi'om multiple patients were significantly higher than those in 
prostatitis, benign prostate hyperplasia, and normal prostate tissues 
(9). MMP-26 is capable of activating pro-MMP-9 by cleavage at the 
Ala'^-Met'"* site of the pro-enzyme, and this activation facilitates the 
efficient cleavage of fibronectin (FN), promoting the invasion of 
highly invasive and metastatic androgen-repressed prostate cancer 
cells through FN or type IV collagen (9). The activation is prolonged 
but persistent, which is consistent with the process of tumor cell 
invasion. These findings indicate that MMP-26-mediated pro-MMP-9 
activation may be one biochemical mechanism contributing to human 
carcinoma cell invasion in vivo. 

MMP activities are inhibited by endogenous tissue inhibitors of 
metalloproteinases (TIMPs). Four mammalian TDVTPs have been iden- 
tified: (a) TIMP-1 (10); (b) TIMP-2 (11); (c) TIMP-3 (12); and {d) 
TIMP-4 (13). The hydrolytic activity of MMP-26 against synthetic 
peptides is blocked by TIMP-1, TIMP-2, and TIMP-4 (5, 6, 8), but the 
inhibitory potential of TIMP-1 is lower than that of TIMP-2 and 
TIMP-4 (5). TIMP-1 and TIMP-2 also inhibit the cleavage of dena- 
tured type I collagen (gelatin) by MMP-26 (6). TIMPs are expressed 
in human breast cancer cells (14-16). Here, we continue to explore 
the possible roles of MMP-26 and the coordination of MMP-26 with 
MMP-9, TIMP-2, and TIMP-4 in human breast carcinoma invasion. 

In the present study, we showed that TIMP-2 and TIMP-4 com- 
pletely inhibited the activation of pro-MMP-9 by MMP-26. The 
expressions of MMP-26, MMP-9, TIMP-2, and TIMP-4 proteins in 
human breast ductal carcinomas in situ (DCIS) were significantly 
higher than those in infiltrating ductal carcinoma (IDC), atypical 
intraductal hyperplasia (AIDH), and normal breast epithelia around 
the DCIS and IDC. Furthermore, MMP-26 was colocalized with 
MMP-9, TIMP-2, and TIMP-4 in human breast DCIS. 

MATERIALS AND METHODS 

Inhibition Assays of MMP-26 by TIMP-2 and TIMP-4. The quenched 
fluorescence peptide substrates, Mca-Pro-Leu-Ala-Nva-Dpa-Ala-Arg-NH2 and 
Mca-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Lys(Dnp)-NH2 were purchased 
from Calbiochem. The MMP-26 used in this experiment is recombinant and 
partially active. Briefly, MMP-26 was expressed in the form of inclusion 
bodies from transformed Escherichia coli cells as described previously (3). 
The inclusion bodies were isolated and purified using B-PER bacterial protein 
extraction reagent according to the manufacturer's instructions. The insoluble 
protein was dissolved in 8 M urea to ~5 mg/ml. The protein solution was 
diluted to —100 /xg/ml in 8 M urea and 10 fflM DTT for 1 h; dialyzed in 4 M 

urea, 1 mm DTT, and 50 mM HEPES (pH 7.5) for at least 1 h; and then folded 
by dialysis in IX HEPES buffer [50 mM HEPES, 0.2 M NaCl, 10 mM CaClj, 
and 0.01% Brij-35 (pH 7.5)] with 20 /AM ZnS04 for 16 h. To enhance the 
activity of MMP-26, the folded enzyme was dialyzed twice for 24 h at 4°C in 
the folding buffer without 7x?^ ions. The total enzyme concentration was 
measured by UV absorption using e^m = 57,130 M~' cm~', which was 
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calculated using Genetics Computer Group software. The concentration of 
active MMP-26 was determined by active site titration with the tight-binding 
inhibitor GM-6001 as described previously (17). GM-6001 was the most 
potent inhibitor of MMP-26 tested, with a Kf of 0.36 nM (17). Because 
TIMPs are tight-binding and slow-binding inhibitors of MMPs, MMP-26 was 
incubated for 4 h with human TIMP-2 and TIMP-4 before the measurement of 
substrate hydrolysis to allow the enzyme and inhibitor to reach their binding 
equilibrium. Human fibroblast TIMP-2 was provided by Dr. L. Jack Windsor 
(Indiana University, Indianapolis, IN). Recombinant human TIMP-4 was pur- 
chased from R&D Systems (Minneapolis, MN). The concentrations of TIMPs 
ranged from 0.2 to 60 nM. The assay was initiated by the addition of a substrate 
stock solution (4 pX) prepared in 1:1 water and DMSO to an enzyme-inhibitor 
assay buffer (196 /J,1) for a final concentration of 1 ;u.M. The release of the 
fluorogenic cleavage product was monitored by measuring fluorescence (ex- 
citation and emission wavelengths at 328 and 393 nm, respectively) with a 
Perkin-Elmer Luminescence Spectrophotometer LS 50B connected to a water 
bath with a temperature control. All kinetic experiments were conducted in 1X 
HEPES buffer. Fluorogenic peptide substrate assays were performed following 
the procedures we reported previously (17). To assess inhibition potency, the 
apparent inhibition constants (apparent Kj values) were determined by fitting 
the two trial data sets to the Morrison equation below (18) with nonlinear 
regression. In this equation, Vj is the initial rate of MMP-26 catalysis in the 
presence of inhibitor, and v^ is the initial rate without inhibitor. [E] and [I] are 
the initial enzyme and inhibitor concentrations, respectively, and K"'''' is the 
apparent inhibition constant. 

— = 1 
v„ 

([E] + [I] + /q""") - V([E] + [I] + ^'"'Y - 4[E][I] 

m 
Pro-MMP-9 Activation by MMP-26 and Inhibition of the Activation by 

TIMP-2 and TIMP-4. Zymography and silver staining were performed as 
reported previously (3, 7, 19, 20). MMP-26, pro-MMP-9, and active MMP-9 
were purified in our laboratory (3, 21). The molar concentration ratios of 
TIMPs, MMP-26, and pro-MMP-9 were 10:1:4. Two metal chelators/metal- 
loproteinase inhibitors, 1,10-phenanthroline and EDTA, were used as controls. 
Briefly, MMP-26 was incubated in the presence or absence of different 
inhibitors (TIMPs, 1,10-phenanthroline, and EDTA) in 30 fil of IX HEPES 
buffer at room temperature (25°C) for 4 h. Pro-MMP-9 was then added and 
incubated at 37°C for 20 h. For zymography, aliquots of the reaction solution 
were removed and treated with a nonreducing sample buffer. MMP-9 activity 
was analyzed by zymography on 9% SDS-polyacrylamide gels containing 1% 
gelatin (22). For silver staining, aliquots were removed and treated with a 
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Fig. 2. Tissue inhibitor of metalloproteinases (TIMP)-2 and TIMP-4 inhibit pro-matrix 
metalloproteinase (MMP)-9 activation by MMP-26. A, pro-MMP-9 activation by 
MMP-26 was inhibited by both TIMP-2 and TIMP-4 (electrophoresis samples were 
treated under reducing conditions). MMP-26 activates pro-MMP-9, enhancing the 86-kDa 
band (Lane 4). This activation was completely blocked by adding TIMP-2 {Lane 5) or 
TIMP-4 (Lane 6). The inhibition by TIMP-2 and TIMP-4 is comparable with that of two 
broad-spectrum metal chelators/metalloproteinase inhibitors, 1,10-phenanthroline (OP) 
and EDTA (Lanes 7 and 8). B, zymogram assay of MMP-9 activation by MMP26 and 
inhibition by TIMP-2 and TIMP-4 (electrophoresis samples under nonreducing condi- 
tions). The 225-kDa band is a homodimer of pro-MMP-9, the 125-kDa band is a 
heterodimer of pro-MMP-9 and neutrophil gelatinase-associated lipocalin, and the 94-kDa 
band is a monomer of pro-MMP-9. MMP-26 activates pro-MMP-9 to generate new 215-, 
172-, 115-, and 86-kDa active fragments (iMne 3). This activation was completely blocked 
by adding TIMP-4 (Lane 4) or TIMP-2 (Lane 8). 

O 
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TIMP-4 (K. = 0.62 nM) 

TIMP-2 (K.= 1.6 nM) 

10 20 
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30 

Fig. I. Inhibition kinetics of matrix metalloproteinase 26 by tissue inhibitor of 
metalloproteinases (TIMP)-2 and TIMP-4. Matrix metalloproteinase 26 (2 nM) was 
incubated for 4 h in the presence of TIMP-2 or TIMP-4 at concentrations of 0.2-60 nM. 
The substrate hydrolysis assay was initiated by the addition of substrate stock solution. 
The data were fitted to the Morrison equation to calculate the apparent K^ values. 

reducing sample buffer and boiled for 5 min. After electrophoresis on 9% 
SDS-polyacrylamide gels, the protein bands were visualized by silver staining 
(19). 

FN Cleavage Assay. MMP-26, pro-MMP-9, MMP-26-activated MMP-9, 
and TIMPs were prepared as described above. Active MMP-9, purified from 
human neutrophils (21), was used as a positive control. FN was incubated with 
MMP-26, pro-MMP-9, active MMP-9, or MMP-26 plus pro-MMP-9 in the 
presence or absence of TIMP-2 or TIMP-4 in 1X HEPES buffer at 37''C for 
18 h. The molar concentration ratio of MMP-26:pro-MMP-9:FN:TIMP was 
approximately 1:4:10:10. Aliquots were removed and treated with a reducing 
sample buffer and boiled for 5 min. Samples were then loaded onto 9% 
polyacrylamide gels in the presence of SDS, electrophoresed, and subjected to 
silver staining (19). 

In Situ Hybridization. The DCIS samples were classified according to our 
previous reports (23, 24). Briefly, the formalin-fixed, paraffin-embedded sam- 
ples were sectioned to 5-/im thickness and fixed onto slides. The full-length 
MMP-26 sense cDNA and antisense cDNA were amplified in pCR 3.1 and 
purified as described in our previous report (9). The sense and antisense 
plasmids were linearized with Xhol and Xbal, respectively. The sense and 
antisense digoxigenin-labeled RNA probes were generated by in vitro tran- 
scription with T7 polymerase. In situ hybridization was performed as per our 
previous report (22). Briefly, the paraffln-embedded sections (5 jiim) were 
deparaffinized with xylene and treated with proteinase K solution [50 /xg/ml in 
0.2 M Tris-HCl (pH 7.5), 2 mM MgClj] for 15 min at room temperature. After 
prehybridization, the sections were hybridized to digoxigenin-labeled 
MMP-26 antisense cRNA probes for 18 h at 45°C and 100% humidity. The 
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Fig. 3. Cleavage of fibronectin (FN) by matrix melalloproleinase (MMF')-') and 
MMP-26. MMP-26 cleaved FN weakly, generating 125- and 58-kDa bands {l.iiiw lilt. 
pro-MMP-9 did not cleave FN (Lane II), and MMP-26-activaled MMP-9 (Lain' 4\ 
cleaved FN efficiently [Lane 12). Tissue inhibitor of metalloproteinases (TlMPl-4 weakK 
blocked FN cleavage by MMP-26 (Lane 14). Both TIMP-4 and TIMP-2 blockcil pio- 
MMP-9 activation by MMP-26 {Lanes 5 and 7), which significantly diminished FN 
cleavage (Lanes U and 15). UF. uncleaved fibronectin; M-26-DP, MMP-26-degraded IN 
products; M-9-DP, MMP-9-degraded FN products; pro-M'9, pro-MMP-9; Ad-M-'/. .icli 
vated MMP-9. 

MMP-26 sense RNA probe was used under the same hybridization conditions 

as the control. After hybridization, the slides were washed with saline sodium 

cit^rtte buffer and blocked [1% blocking reagents in Tris-buffered saline (pH 

7.5)] for 30 min. The slides were then covered with anti-digoxigcnin-alkalinc 

phosphatase Fab fragments (1:400) for 2 h. Then the slides were stained with 

nitroblue tetrazoliuni/5-bromo-4-chloro-3-indolyl phosphate (Roche .Applied 

Science, Mannheim. Germany). The expression signals were photographed 
under a microscope. 

Immunohistocheniistry. The human breast DCIS, IDC, and hyperplasia 

tissue samples were classified according to our reports (23-26). Immunohis- 

lochcmistry was performed on consecutive sections according to our previous 

report (9). Briefly, the fortnalin-fixed. paraffin-embedded samples were sec- 

tioned to ,S-|uni thickness and fixed onto slides. After dewaxing and rehydrat- 

ing. the slides were blocked with 3% BSA/Tris-buffered saline for 1 h at room 

temperature before incubation with affinity-purified, polyclonal rabbit antihu- 

man MMP-26, MMP-9. TIMP-2, and TIMP-4 antibodies (all 25 j^g/ml) at 

room temperature for 90 min. Sections were then incubated with alkaline 

phosphatase-conjugated secondary antirabbit antibody (1:500; Jackson Immu- 

noResearch, West Grove, PA) for 1 h at room temperature. The signals were 

detected with F^ast-red (Sigma. St. Louis, MO). Purified preimmune IgGs from 

the same animal were used as negative controls. 

Double Inimunoduorescence and Confocal Laser Scanning Micros- 

copy. Double immunofluorescence staining was performed as per our previous 

description (9). Briefly, the slides were incubated with a rabbit antihuman 

MMP-26 IgG (25 /Mg/ml) and a goat antihuman MMP-9 antibody (1:200 dilution; 

R&D Systems) or a mouse antihutnan MMP-26 IgG (25 ^ig/ml; R&D Systems) 

;ind a rabbit antihuman TIMP-4 (25 /xg/ml) or a rabbit antihuman TIMP-2 

;uitibody (30 /xg/ml) overnight at 4°C. The slides were then incubated with a goat 

antimouse-IgG IgG for 30 min at room temperature. Secondary Rhodamine 

Red-X-conjugated donkey antirabbit IgG and FITC-eonjugated donkey antigoat 

IgG (Jackson IminunoResearch) were sub.sequently applied at a 1:50 dilution for 

30 min ;it room temperature. Slow Fade mounting medium was added to the slides, 

and fluoieseence was analyzed using a Zeiss LSM5I0 Laser Scanning Confocal 

Microscope (Carl Zeiss, Heidelberg, Germany) equipped with a multi-photon 

laser. Images were processed for reproduction using Photoshop software version 

6.0 (Adobe Systems, Mountainview. CA). Purified preimmune IgG and normal 

goal serum were used as negative controls. 

Densitometric and Statistical Analysis. Four to 16 pictures were taken 

from the glandular epithelia after immunostaining by each of the four anti- 

bodies and the two preimmune IgGs in the DCIS, IDC, AIDH, and normal 

glands around the DCIS and IDC. Quantificadon of the immunostaining 

signals was performed using the Metamorph System (version 4.6r8; Universal 

Imaging Corp., Inc., West Chester, PA) according to our previous description 

(9). Briefly, an appropriate color threshold was determined (color model, HSI; 

hue, 230-255; saturation and intensity, full spectrum). The glandular epithelia 

Fig. 4. Matrix mclalfoproteinase (MMP)-26 
mRNA and protein expression in human mammary 
tissues. A and B are //( situ hybridization to detect 
MMP-26 mRNA expression, and C and D are im- 
munohistochemicai staining to detect MMP-26 
protein expression. A. MMP-26 antisense probe; B, 
MMP-26 sense probe; C. rabbit antihuman 
MMP-26 metallo domain IgG: D. pre-immune IgG. 
Blue indicates MMP-26 mRNA signals, and red 
indicates MMP-26 protein expression. Cells were 
counterstained lightly with hematoxylin for view- 
ing of negatively stained epithelial and stromal 
cells in C and D. DCIS. ductal carcinoma in situ: 
ST, stroma; LU. lumen. 

DCIS 
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ST 
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MMP-26 Ab Pre-immune IgG 

AIDH-k 

Fig. 5. Expression ol" matrix metalloproteinase 
(MMP)-26 protein in human mammary gland. Cells 
stained red indicate MMP-26 protein expression. 
All sections were counterstained lightly with hema- 
toxylin for viewing negatively stained epithelial 
and stromal cells. A. C. E. and G are stained with 
anti-MMP-26 antibody, and B, D, F, and H are 
stained with prc-inimune IgG. A and 6, normal 
breast tissues; C and D, atypical intraductal hyper- 
plasia (AIDtf): E and F. breast ductal carcinoma in 
situ {DCISy. G and H. breast infiltrating ductal 
carcinoma (IDC). All figures are X200 magnifica- 
tions. LU. lumen; EP. epithelial cells; ST, stroma; 
ME. myoepithelial cells. 

AIDH 

DCIS   ' 

IDC 

i **' if A? 
from each image were isolated into closed regions, and the signal areas and 

intensities of staining in compliance with the chosen parameters were measured by 

integrated morphometry analysis. The selected epithelial area was obtained by 

region measurement. The signal intensities were expressed as integrated absorb- 

ance (lOD, the sum of the optical densities of all pixels that make up the object). 

The ratio of the lOD to the selected epithelial area was determined, and the average 

ratios from each ca.se were then calculated and used for statistical analysis. 

Statistical analysis of all samples was perfonned with the least significant differ- 

ence correction of ANOVA for multiple comparisons. Data represent the 

mean ± SE. and P < 0.05 was considered significant. 

RESULTS 

Determination of the Apparent Inhibition Constants of TIMP-2 
and TIMP-4 against MMP-26. The apparent K, values of MMP-26 

were measured and calculated to be 1.6 and 0.62 nM for TIMP-2 and 

TlMP-4. respectively (Fig. 1), using the Morrison equation (18). The 
apparent A", values show that TIMP-4 is a slightly more potent 
inhibitor of MMP-26 than TIMP-2. 

Activation of Pro-MMP-9 by MMP-26 and Inhibition of the 
Activation by TIMP-2 and TIMP-4. To explore the inhibition of 
MMP-26-mediated MMP-9 activation by TlMP-2 and TIMP-4, puri- 

fied pro-MMP-9 and MMP-26 were incubated with these TIMPs, and 
the samples were subsequently analyzed by SDS-PAGE. MMP-26 
cleaved pro-MMP-9 (94 kDa) to yield an enhanced active form 
86-kDa band on a silver-stained gel under reducing conditions as per 
our recent report (Ref. 9; Fig. 2A, Lane 4). Zymography revealed that 
pro-MMP-9 presented as 225-, 125-, and 94-kDa gelatinolytic bands 

under nonreducing conditions. The 225-kDa band is a homodimer of 
pr()-MMP-9. the 125-kDa band is a heterodimer of pro-MMP-9 and 
neutrophil gelatinase-associated lipocalin, and the 94-kDa band is a 
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MMP-9 Ab TIMP-2 Ab 

Normal 

Fig. 6. Expression of matrix metailoproteinase 
(MMP)-9 and tissue inhibitor of metalloproteinases 
{TIMP)-2 proteins in human mammary gland. Cells 
stained red indicate MMP-9 or TIMP-2 protein 
expression. All sections were counterstained lightly 
with hematoxylin tor viewing negatively stained 
epithelial and stromal cells. A, C, £, and G are 
stained with anti-MMP-9 antibody. B, D, F, and H 
are stained with TIMP-2 antibody. A and B, normal 
breast tissues; C and D. atypical intraductal hyper- 
plasia {AIDH)\ E and F, ductal carcinoma in situ 
IDCISy. G and H. infiltrating ductal carcinoma 
(IDC). All figures are X2(X) magnifications. LU, 
lumen; EP, epithelial cells; 57^, stroma; ME, myo- 
epithelial cells. 
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monomer of pro-MMP-9 (21, 27, 28). The new active 215-. I72-. 
115-, and 86-kDa bands were generated after incubation with 
MMP-26 (Fig. 2S, Lane 3). The 215-, 115-, and 86-l<Da bands are the 
active forms of the 225-, 125-, and 94-kDa forms, respectively. The 
172-kDa band is a dimer of the 86-kDa forms. The activation of 
pro-MMP-9 by MMP-26 was completely inhibited by recombinant 
TlMP-2 and TIMP-4 (Fig. Z4, Lanes 5 and 6; Fig. 2fi, Lanes 4 and H). 
The blocking efficiencies of TIMP-2 and TIMP-4 were comparable 
with those of two broad-spectrum metal chelators/metalloproteinase 
inhibitors, 1,10-phenanthroline and EDTA (Fig. 2/4, Lanes 7 and .S'). 

To further confirm the inhibition of MMP-26-mediated pro-MMP-9 
activation by TIMP-2 and TIMP-4, in vitro FN cleavage assays were 
performed. MMP-26 slowly cleaved FN to generate 125- and 58-kDa 
bands (Fig. 3, Lane 10), whereas pro-MMP-9 did not cleave FN (Fig. 
3, Lane 11). However, MMP-26-activated MMP-9 cleaved FN com- 

pletely, generating at least seven new bands (Fig. 3, Lane 12). Both 
TlMP-2 and TlMP-4 completely blocked the activation of pro- 
MMP-9 by MMP-26, which subsequently resulted in inhibition of FN 
cleavage (Fig. 3, Lanes 13 and 15). 

Expression of MMP-26 mRNA in Human Breast Tissues. In 
situ hybridization showed that MMP-26 mRNA was localized in 
human breast DCIS (Fig. 4A). On a serial section of the same tissue, 
MMP-26 protein was also detected in human breast DCIS (Fig. 4C). 
The MMP-26 sense probe and pre-immune IgG from the same animal 
as the MMP-26 antibody were used as controls (Fig. 4, B and D). 

Expressions of MMP-26, MMP-9, TIMP-2, and TIMP-4 Pro- 
teins in Human Breast Tissues. MMP-26, MMP-9, TIMP-2, and 
TIMP-4 proteins were detected in human breast epithelia (Figs. 5-7). 
The expressions of the four proteins were extremely high in human 
breast DCIS (20 cases) cells (Fig. 5£; Fig. 6, E and F; Fig. IE) but 
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TIMP-4 Ab Pre-immune IgG 

Normal 

Fig. 7. Expression of tissue inhibitor of metal- 
loproteinases (TIMP)-4 protein in human mam- 
mary gland. Cells stained red indicate TIMP-4 pro- 
tein expression. All sections were counterstained 
lightly with hematoxylin for viewing negatively 
stained epithelial and stromal cells. A, C, £, and G 
are stained with antihuman TlMP-4 antibody. S, D. 
F, and H are stained with pre-immune IgG. A and 
B, normal breast tissues; C and D, atypical intra- 
ductal hyperplasia (AIDH); E and F. ductai carci- 
noma in situ (DClS): G and H, infiltrating ductal 
carcinoma (IDC). All figures are X200 magnifica- 
tions. LU, lumen: EP, epithelial cells; ST, stroma; 
ME, myoepithelial cells. 

AIDH 

DCIS  f 

IDC 

very low in the normal glandular epithelial cells (25 cases) around 
DCIS and IDC (Fig. 5A; Fig. 6, A and B; Fig. 7A) and also in AIDH 
[15 cases (Fig. 5C; Fig. 6, C and D; Fig. 7C)]. Their expressions were 
substantially decreased in IDC [23 cases (Fig. 5G; Fig. 6. G and H: 
Fig. 7G)]. Statistical analysis revealed that the signal intensities of 
MMP-26, MIVIP-9. TIMP-2, and TIMP-4 proteins in DCIS were 
significantly higher than those in IDC, AIDH, and normal epithelia 
around the DCIS and IDC (P < 0.05 or P < 0.01; Fig. 8). There was 
no significant difference for the signals of MMP-26. MMP-9, 
TIMP-2, and TIMP-4 proteins among the normal epithelia around the 
DCIS and IDC, or in the AIDH and IDC samples (P > 0.05; Fig. 8). 
Pre-immune IgGs from the same animals as the MMP-26 or TIMP-4 
antibodies were used as controls (Fig. 5, B, D, F, and H\ Fig. 7, B. D. 
F, and H). There was no significant difference (P > 0.05) for the 

pre-immune IgG signals among the normal, AIDH, DCIS, and IDC 
samples. 

Coexpression of MMP-26 and MMP-9 in Human Breast Car- 
cinoma. To confirm the distributions of MMP-26, MMP-9, TIMP-2, 
and TIMP-4 within carcinoma cells, double immunofluorescence 
staining assays were performed in human breast DCIS samples. 
MMP-26 protein was localized mainly in the cytoplasm of the can- 
cerous cells (Fig. 9A, red; Fig. 9B, green), which is consistent with our 
previous report (9). MMP-9 was localized both in the cytoplasm of the 
cancerous cells and at the cell surface, mainly on the cell membrane 
(Fig. 9C, green). The merged picture shows that MMP-26 and MMP-9 
were coexpressed in the cytoplasm of the cancerous cells (Fig. 9E, 
yellow). The high magnification pictures in Fig. 9, A, C, and E, clearly 
demonstrate MMP-26 and MMP-9 colocalization (indicated by ar- 
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DNormal (n=25) 

AIDH   (n=15) 

■ DCIS    (n=20) 

QIDC     (n=23) 

MMP-26 MMP-9 TIMP4 TIMP-J 

Fig. 8. Densitometric quantification analyses of matrix metalloproleinaM; 26. iiialiix 
metalloproteinase 9, tissue inhibitor of metalloproteinases 2, and tissue iniiihitor ol 
metalloproteinases 4 protein expression. Tlie quantification analysis was described in 
"Materials and Methods." The epithelial regions were isolated, and the staining area and 
total selected area were obtainetl by Integrated Morphometry Analysis (IMA) and ana 
lyzed by one-way ANOVA with least significant difference (LSD) correction. Each x akic 
represents the mean ± SE. *, P < 0.05; **, P < 0.01. Normal, normal breast tissue; 
AIDH, atypical intraductal hyperplasia; DCIS, ductal carcinoma in situ: IDC. infiltrating 
ductal carcinoma; n. the number of cases. 

rowheads). TIMP-4 is shown in Fig. 9D {red). MMP-26 and TIMP-4 
were also coexpressed in the cytoplasm of the cancerous ceils (Fig. 
9F, yellow). MMP-26 and TIMP-2 were also colocalized in cancer 
cells, and minimal signals were detected in control tissues using 
purified pre-immune rabbit IgG and nonimmune goat sera (data not 
shown). 

breast DCIS cells. Although DCIS is not invasive cancer, it may have 
the potential to develop into IDC, given tiine. The localization of 
MMP-26 luRNA and protein in carcinomas was confirmed by in situ 

hybridization and iinmunohistochemistry. providing evidence that 
MMP-26 is an epithelial cell-derived enzyme (3-6). 

We demonstrated that the hydrolysis of synthetic peptides by 
MMP-26 is inhibited by TIMP-2 and TIMP-4, which is consistent 
with previous reports (5, 6, 8). TlMP-2 and TIMP-4 were also able to 
completely block MMP-9 activation by MMP-26, as well as the 
cleavage of FN by MMP-26-activated MMP-9. Therefore, one con- 
sequential function of TIMP-2 and TIMP-4 may be their inhibition of 
MMP-9 activation by MMP-26. TIMP-2 and TIMP-4 possess several 
distinct cellular functions, but their most widely appreciated biolog- 
ical functions are their roles in the inhibition of cell invasion in vitro 

(.39-42) and their in vivo contributions to tumorigenesis (43, 44) and 
growth and metastasis (44-47). The underlying molecular mecha- 
nism for the tuinor-suppressing activities of the TlMPs is thought to 
be dependent on their anti-MMP activities. 

In our experiments, the expressions of TIMP-2 and TlMP-4 were 
all increased significantly in huinan breast DCIS but decreased in 
IfJC. mimicking the expression of MMP-26 and MMP-9 in DCIS and 
IDC. which indicates that these four proteins are highly coordinated 

during human breast carcinoma development and progression. It may 
also suggest that remodeling of the extracellular matrix by MMP-26 
and MMP-9 stiinulates the expression of TIMP-2 and TIMP-4, im- 
plying self-regulation through a negative feedback loop. The consis- 
tently high expression of TIMP-2 and TlMP-4 proteins in human 
breast DCIS is in agreement with reports that the expression of 
TIMP-2 and TIMP-4 in human breast carcinoinas is increased (14, 16, 

DISCUSSION 

The epithelial component of the normal and noninvasive human 
breast is physically separated from the stroma by myoepithelial cells 
and the basement membrane, which is composed of a group of fibrous 
proteins, including type IV collagen, FN, laminin, and proteoglycans. 
The disruption of both the myoepithelial cell layer and the basement 
membrane is an essential prerequisite for the invasion of DCIS. In this 

present investigation, we found that the levels of MMP-26 and 
MMP-9 proteins in human breast DCIS were significantly higher than 
those in human breast IDC, normal mammary glands, and AIDH. 

MMP-26 and MMP-9 were colocahzed in human breast DCIS cells. 
MMP-9 is a powerful enzyme associated with human breast cancer 
development and invasion (29, 30). Scorilas et at. (29) and Soini et ul. 

(31) demonstrated that MMP-9 mRNA and protein were highly ex- 
pressed in human breast carcinoma cells. MMP-9 protein is also 
expressed in the breast carcinoma cell lines MCF-7 (32. 33). SKBR-3 
(34), MDA-MB-231 (35, 36), and MCFIOA (36) and in normal breast 
epithelial cell lines HMT-3522 and T4-2 (32, 37). Our recent study (9) 
demonstrated that the level of MMP-26 protein in human prostate 
carcinomas is also significantly higher than those in prostatitis. benign 
prostate hyperplasia, and normal prostate tissues. MMP-26 and 
MMP-9 are not only coexpressed in human prostate carcinomas and in 
androgen-repressed prostate cancer cells, but they also promoted the 
invasion of androgen-repressed prostate cancer cells across FN or type 
IV collagen via MMP-26-mediated pro-MMP-9 activation. 

Nguyen et al. (38) showed that active MMP-9 accumulates in the 
cytosol of human endothelial cells, where it is eventually used by 
invading pseudopodia, and it is possible that endogenous, self-acti- 
vated MMP-26 serves as an activator for intracellular pro-MMP-9. 
The active form of MMP-9 may then be stored inside the cell, ready 
for rapid release when it is required to initiate invasion of human 

MMP-26 

MMP-9 ► 

Merged ■ 

MMP-26 

-i TIMP-4 

-• Merged 

Fig. '). Coexprcssion of matrix metalloproteinase (MMP)-26 with MMP-9 or tissue 
inhibitor of metalloproteinases (TIMP)-4 in human breast ductal carcinoma in situ (DCIS). 
In A. C. and /:, the primaiy antibodies are rabbit antihuman MMP-26 IgG and goat 
antihuman MMP-9 IgG, the secondary antibodies are Rhodamine Red-X-conjugated 
donkey antirabbit IgG and FITC-conjugated donkey antigoat IgG. A. red indicates 
MMP-26 prolcin staining, which is localised mainly in the cytoplasm of DCIS cells. C. 
'.irccit indicates MMP-9 protein staining, which is localized mainly on the cell surface of 
the cancerous cells. E. merged images show a color shift to oran.i^c-veilovw indicating 
ciiloc;ili/ation between MMP-26 and MMP-9 proteins in DCIS. In B. D. and F. the 
primary antibodies are mouse antihuman M.MP-26 IgG and rabbit antihuman TIMP-4 IgG. 
After incLibalion with primary antibodies, the slides were incubated with goat anlimouse- 
IgG lg<i. The secondary antibodies are the same as those described in A. C. and E. B. 
,^rce/i indicates MMP-26 protein staining, w'hich is localized inainly in the cytoplasm of 
DCIS cells. /), red indicates TIMP-4 protein staining. F. merged images show a color shift 
In DnniitL'-wilinv. indicating colocalization between MMP-26 and TIMP-4 proteins in 
DCIS. .Sialc i)iir\. 50 ^m. ST. stroma; LU. lumen. 
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39, 48). This may represent a compensatory response to the increased 
MMP-26- and MMP-9-mediated remodeling stimuli in DCIS in an 
attempt to reach a new balance between MMP-26/MMP-9 and TIMP- 
2/TIMP-4 to regulate degradation of the extracellular matrix and to 
suppress tumor progression by impeding MMP-26, MMP-9. and 
MMP-26-mediated MMP-9 activation. TIMP-2 and TlMP-4 may play 
multiple roles in human breast cancer in addition to inhibiting MMPs. 
including antiapoptotic activity and tumor-stimulating effects when 
administrated systemically (16). The new paradigms concerning the 
potential roles of TIMPs in suppressing or promoting tumor progres- 
sion have been discussed previously (49). 

The decreased MMP-26 and MMP-9 expression levels in IDC 
suggest that these two enzymes may play a role in the very early 
stages of DCIS invasion, but once the basement membrane has been 
breached, cancer cells become less dependent on the activities of 
MMP-26 and MMP-9. Nielsen et al. (50) demonstrated that MMP-9 
immunostaining or in situ hybridization signals were not detected in 
human breast ductal carcinoma cells but were seen in tumor-infiltrat- 
ing stromal cells including macrophages, neutrophils. and vascular 
pericytes. This indicates that MMP-9 may be transiently expressed in 
cells during the early stages of human breast carcinoma (DCIS), but 
not in the later stages of breast carcinoma (IDC). The controversy 
surrounding the expression of MMP-9 found in the literature (29. 31. 
50), inclusive of our current findings, might also suggest that these 
different expression patterns arise from DCIS and IDC representing 
genetically distinct disease forms, raising the possibility that DCIS 
does not simply designate a transitory disease state that invariably 
leads to IDC. 

Down-regulation of TIMPs contributed significantly to the tumoi- 
i^enic and invasive potentials of cancer cells (43. 44). Decreased 
production of TIMP-2 resulted in increased MMP activity, leading to 
increased invasiveness by cancer cells (39). Therefore, maintenance 
of the balance between MMPs and TIMPs appears critical for the 
suppression of cancer cell invasion and metastasis. Once the balance 
between MMP-26/MMP-9 and TIMP-2/TIMP-4 in DCIS is destroyed. 
the inhibition by TIMP-2 and TIMP-4 may be inadequate to block the 
degradation of extracellular matrix components by MMP-26 and 
MMP-9 in DCIS. resulting in degradation of basement membrane 
components and initiation of the invasive processes of DCIS cells. 
MMP-26. MMP-9. TIMP-2, and TIMP-4 may be spatially and tem- 
porally expressed in the very early stages of DCIS invasion, whereas 
other enzymes/inhibitors are responsible for the late-stage invasion of 
IDC cells. Further investigations will provide a more complete un- 
derstanding of the functions of MMP-26, MMP-9. and TIMPs in 
human breast cancer progression. 
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Catalytic- and ecto-domains of membrane type 1-matrix metalloproteinase 
have similar inhibition profiles but distinct endopeptidase activities 
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Membrane type 1-matrix metalloproteinase (MTl-MMP/MMP- 
14) is a major coUagenolytic enzyme that plays a vital role in 
development and morphogenesis. To elucidate further the struc- 
ture-function relationship between the human MTl-MMP active 
site and the influence of the haemopexin domain on catalysis, 
substrate specificity and inhibition kinetics of the cdMTl-MMP 
(catalytic domain of MTl-MMP) and the ecto domain ATM- 
MTl-MMP (transmembrane-domain-deleted MTl-MMP) were 
compared. For substrate 1 [Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg- 
NH2. where Mca stands for (7-methoxycoumarin-4-yl)acetyl- and 
Dpa for Af-3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl], the 
activation energy E^ was determined to be 11.2 and 12.2 kcal/mol 
(1 cal = 4.184 J) for cdMTl-MMP and ATM-MTl-MMP re- 
spectively, which is consistent with ^cai/^M values of 7.37 and 
1.46 X 10'' M^' -s"'. The KJKu values for a series of similar 
single-stranded peptide substrates were determined and found 
to correlate with a slope of 0.17 for the two enzyme forms. A 

triple-helical peptide substrate was predicted to have a KJKu of 
0.87 X 10* M- for ATM-MTl-MMP based on the value for 
cdMTl-MMP of 5.12 x 10* M"' • s"'; however, the actual value 
was determined to be 2.5-fold higher, i.e. 2.18 x lO* M~' • s""'. 
These results suggest that cdMTl-MMP is catalytically more 
efficient towards small peptide substrates than ATM-MTl- 
MMP and the haemopexin domain of MTl-MMP facilitates the 
hydrolysis of triple-helical substrates. Diastereomeric inhibitor 
pau-s were utilized to probe further binding similarities at the 
active site. Ratios of Ki values for the inhibitor pairs were found 
to correlate between the enzyme forms with a slope of 1.03, 
suggesting that the haemopexin domain does not significantly 
modify the enzyme active-site structure. 

Key words: activation energy, catalytic domain, diastereomeric 
MMP inhibitors, ecto-domain, membrane type 1-matrix metallo- 
proteinase (MTl-MMP), substrate specificity. 

INTRODUCTION 

Matrix metalloproteinases (MMPs) are a family of related zinc 
endopeptidases known to play prominent roles during normal and 
pathological extracellular matrix remodelling events including 
cancer progression [1]. The first identified membrane type MMP, 
MTl-MMP, has been shown to play a key role in tumour cell 
invasion and metastasis by complex mechanisms, including acti- 
vation of proMMP-2 and direct hydrolysis of interstitial coUagens 
[2,3]. MTl-MMP is tethered to the cell membrane by a type 1 
transmembrane region and is expressed as an active protease on 
the cell surface upon activation, primarily by proprotein convert- 
ases such as furin or furin-like serine proteinases [4]. In addition, 
consistent with other MMP family members, MTl-MMP has 
a propeptide, catalytic domain linker region and a haemopexin 
domain [5]. 

The haemopexin domain has been supposed to function mainly 
in protein-substrate recognition [6]. It is necessary for native 
type I collagen cleavage for reasons that are not completely 
understood [7,8]. Recently, new roles have been identified for the 
MTl-MMP haemopexin domain including enzymic regulation 
and subcellular localization [9,10]. Additionally, the linker region 
between the catalytic and haemopexin domains has been identified 
as having the ability to bind the collagen [11]. It is possible that 
this region is necessary for triple-helical substrate hydrolysis. 

Although several groups have reported the cleavage of extra- 
cellular matrix constituents by MTl-MMP [12-14], a structural 

comparison of the active site of the catalytic domain with and 
without the haemopexin domain has not been accompUshed. In 
the present study, a comparison of the substrate specificity for 
two truncated forms of MTl-MMP was performed using single- 
stranded peptide substrates. The haemopexin domain was then 
found to facilitate the hydrolysis of a triple-helical substrate. To 
demonstrate that the haemopexin domain does not influence the 
architecture of the active site, diastereomeric inhibitor pairs were 
utilized to show identical K-, ratios. 

MATERIALS AND METHODS 

Materials 

Quenched fluorogenic peptide substrates (see Table 1) 1 and 3- 
5 [Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2, Mca-Pro-Lys-Pro- 
Leu-Ala-Leu-Dpa-Ala-Arg-NH2, Mca-Arg-Pro-Lys-Pro-Tyr-Ala- 
Nva-Trp-Met-Lys-Dpa-NH2 and Mca-Pro-Leu-Ala-Ghi-Ala-Val- 
Dpa-Arg-Ser-Ser-Arg-NH2, where Mca stands for (7-methyloxy- 
coumarin-4-yl)acetyl, Dpa stands for N-3-(2,4-dinitrophenyl)- 
L-2,3-diaminopropionyl and Nva for norvaline] were pur- 
chased from Bachem and 2 (Mca-I*ro-Leu-Ala-Nva-Dpa- 
Ala-Arg-NHj) was from Calbiochem (San Diego, CA, 
U.S.A.). The triple-helical peptide substrate 6 [{(OPP^s 
GPK(Mca)GPQGLRGQK(Dnp)GVR(GPP*)5-NH2}3, where Dnp 
stands for 2,4-dinitrophenyl and P" for 4-hydroxy-L-proline] was 
synthesized as described previously [15]. The mercaptosulphide 

Abbreviations used: MMP, matrix metalloproteinase; t^TI, membrane type 1; cdMT1-MMP, catalytic domain of I\/IT1-I^MP; Dpa, W-3-(2,4-dinitroplienyl)-L- 
2,3-diaminopropionyl; l^/lca, (7-mettioxycoumarin-4-yl)aoetyl; Nva, norvaline; RTTI, rat-tail tendon type I collagen; TIIVIP, tissue intiibitor of metalloproteinase; 
ATlvl-MTI-h/MP, transmembrane-domain-deleted ivlTI-tvlly/IP. 

' To wfiom correspondence stiould be addressed (e-mail qxsang@ctiem.fsu.edu). 
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inhibitors were synthesized and characterized as described pre- 
viously ([16,17]; Y. Jin and M. A. Schwartz, unpublished work). 
Hydroxamate inhibitors 444237 and 444238 were purchased from 
Calbiochem. The recombinant human cdMTl-MMP (catalytic 
domain of MTl-MMP; Ile"''-Ile"*) was expressed in Escherichia 
coli and was activated by autocatalysis [18] and ATM-MT1 -MMP 
(transmembrane-domain-deleted MTl-MMP), the recombinant 
human ectodomain of MTl-MMP (Tyr"^-Glu'^ consisting of 
the catalytic domain and the haemopexin domain) was expressed 
in Pichia pastoris and activated by yeast proteinases during 
maturation [19]. Human TIMP-2 (tissue inhibitor of metallo- 
proteinase-2) was kindly provided by Professor Jack Windsor 
of Indiana University (Indianapolis, IN, U.S.A.). All standard 
chemicals were purchased from Fisher with the exception of 5,5'- 
dithio(bis-2-nitrobenzoate), which was from Sigma. 

Enzyme kinetics 

Kinetic assays were performed as described previously [20] in 
50 mM Hepes buffer (pH 7.5), with 10 mM CaClj, 0.2 M NaCl 
and 0.05 % Brij-35 (polyoxyethylene lauryl ether) at 25 °C. The 
final substrate concentration was 1 nM (1 % DMSO), which is 
at least 10-fold lower than K^- Hence k^JK^ is calculated using 
the equation: 

1.65 1.70 

1/RT (moMoal) 

1/RT (mol&caJ) 

KM [E][S] 

where v is the initial rate and [E] and [S] are the enzyme and 
substrate concentrations respectively. The activation energy E^ 
was determined by the Arrhenius equation: 

\nv = -—-\-\RA\ES] 
RT 

where R is the universal/ideal gas constant, T the absolute 
temperature in Kelvin, A the collision constant/Arrhenius A 
factor/pre-exponential factor and [ES] the concentration of the 
enzyme-substrate complex. The initial rates were determined at 
283 K and then at increments of 5 K up to 313 K. The fluo- 
rescence intensity was corrected for temperature using the 
standard Mca-Pro-Leu-OH (Bachem). For the inhibition assays, 
the inhibitors were incubated with enzyme for 15-30 min before 
adding substrate 1 to ensure equilibrium conditions. The inhibitor 
dissociation constant K-, was determined as described previously 
[21] using the Morrison equation [22]: 

[E]o + [I]o - Kl^ + y ([I]o + Kr - [E]„)' + 4[E]„^ 

where Vj and v^ are the initial rates with and without the inhibitor 
respectively, [E]„ and [I],, are the initial enzyme and inhibitor con- 
centrations respectively and K'^ is the apparent ^i that is equal 
to the true K, under the conditions of [S] ^/JTM for competitive 
inhibition according to the equation: 

\       Ku 

The active mercaptosulphide inhibitor concentration was 
quantified with Ellman's reagent 5,5'-dithiobis-(2-nitrobenzoate) 
[23,24]. Active cdMTl-MMP and ATM-MTl-MMP concentra- 
tions were normaUzed by titration with standardized preparations 

Figure 1   Arrhenius plot 

fa values were determined for the hydrolysis of substrate 1 with (A) cdMT1-MI\/IP and 
(B) ATIUI-MTI-MMP as described in the l\^aterials and methods section, initial rales are 
expressed in nH/l/min. Fluorescence intensity was temperature-corrected. The slope of the line 
- fa (l(cal/moI) was 11.2 and 12.2 for (A) and (B) respectively. 

of recombinant TIMP-2. The titration was performed as described 
above for determination of X'j with an \E\IKi ratio > 100 to ensure 
proper titrating conditions. 

Collagen hydrolysis and electrophoresis 

Samples containing 280 Aig/ml purified Rl'l'i (rat-tail tendon 
type I collagen) [20] were incubated with 80 nM enzyme at 37 °C 
in 50 mM Hepes (pH 7.5), 10 mMCaCl2,0.2 MNaCland0.05 % 
Brij-35. The reactions were stopped with 50 mM EDTA, 100 mM 
dithiothreitol and boiled for 5 min. The samples were analysed 
by SDS/PAGE (7 % gel) with silver staining. The cdMTl-MMP 
and ATM-MTl-MMP samples were visualized by aWestem blot 
(12 % SDS/polyacrylamide gel) using a previously characterized 
antibody [3]. 

RESULTS 

Substrate specificity 

The catalytic domain alone is predicted to hydrolyse small peptide 
substrates more efficiently than ATM-MTl-MMP if the active 
sites are identical, possibly due to flexibility, rotational freedom 
or substrate exosite binding. The activation energy for enzyme 
hydrolysis of peptides should therefore be lower for cdMTl- 
MMP when compared with ATM-MTl-MMP. The E^ values for 
substrate 1 (see Table 1) with cdMTl-MMP and ATM-MTl- 
MMP were determined to be 11.2 and 12.2 kcal/mol respectively 
(Figure 1). Consistently, the k^JK^ values were 7.37 and 
1.46 X 10" M~' • s"' respectively (Table l).Ifthe peptide binds toa 
haemopexin exosite region, the effective substrate concentration 
would be reduced, subsequently lowering the apparent k„JKu- 
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Table 1   Comparison of substrate specificity 

kJKu (x10^ s- • M-i) 

Fluorogenicpeptide substrates cdMT1 ATM 

1 Mca-Pro-Leu-Gly I Leu-Dpa-Ala-Arg-NH2 
2 Mca-Pro-Leu-Ala i Nva-Dpa-Ala-Arg-NHj 
3 Mca-Pro-Lys-Pro-Leu-Ala | Leu-Dpa-Ala-Arg-NH2 
4 Mca-Arg-Pro-Lys-Pro-Tyr-Ala | Nva-Trp-Met-Lys-Dpa-NH2 
5 Mca-Pro-Leu-Ala I Gln-Ala-Val-Dpa-Arg-Ser-Ser-Arg-NHj 

7.37 
2.27 
7.82 
1.81 
0.18 

6 {(GPP*)5GPK(Mca)GPQG ; LRGQK(Dnp)GVR(GPP*)5-NH2}3* 5.12 

1.46 
0.25 
1.04 
0.15 
0.02 
2.18 

* Single-letter amino acid abbreviations are used here. P* 
The arrow indicates the putative cleavage site. 

stands for 4-hydroxy-L-proline. 

2 4 6 

*c,'KM(x10''M-'s-')cd 

4--V>f- 
MAG 128 

Figure 3   Inliibitor structures 

The inhibitors are shown as pairs of diastereomers with the more potent inhibitor on the left. Ki 
values are shown in Table 2. 

Figure 2   Correlation of specificity constants 

The kaIKu values from Table 1 for the single-stranded peptides 1-5 were plotted (•) and found 
to have a slope of 0.17. The triple-helical substrate B was predicted to have a kalKu value of 
0.87 X10* M-'' •s-'' for ATM-MT1-MMP(n)basedonthevalueof5.12 x 10* M"' • s"'' for 
cdMT1-MMPTheactualvaluewasdetermlnedtobe2.5-foldhigher,i.e.2.18 x 10* M"^ -S"^ 

Since the E, and k^JK^ values correlate, exosite binding is 
probably not a valid reason for differences in hydrolytic efficiency. 
These results suggest that cdMTl-MMP is slightly more efficient 
than ATM-MTl-MMP for hydrolysing single-stranded peptides 
as predicted. 

This trend was also noted with other similar peptides and a 
correlation curve was constructed with the k^JKu values giving 
a slope of 0.17 (Table 1 and Figure 2). A prediction of KJKu 
values for ATM-MTl-MMP may then be found by multiplying 
the kJK^ values for cdMTl-MMP by 0.17. The fluorescently 
labelled triple-helical peptide that was characterized previously 
[15] was tested with cdMTl-MMP and was found to have a 
kJKu value of 5.12 x 10* M"' • s"'. Assuming this substrate is 
hydrolysed similarly to the single-stranded peptides, the predicted 
kJKu value would be 0.87 x 10* M'' • s"' for ATM-MTl-MMP 
(Figure 2, open square); however, the actual value was determined 
to be 2.18 X 10* M-' ■s-',avalue2.5-foldhigher (Figure 2, closed 
square). 

Probing the active site 

The difference in the predicted and actual values for triple-helical 
substrate hydrolysis by ATM-MTl-MMP may be due to structural 
differences at the active site. To probe the active-site structure, 
the inhibition profiles for cdMTl-MMP and ATM-MTl-MMP 
were compared with diastereomeric inhibitor pairs (Figure 3 and 
Table 2). The correct stereochemistry of these inhibitors is 

Table 2   K> values of the inhibitor 

cdMTI ATM-MT1 

Inhibitor Ki(M)      Ki ratio of the isomer      Ki(nM)       Ki ratio of the isomer 

MAG 133 19 
MAG 128 70 
MAG 182 24 
MAG 181 259 
YHJ 294-2 13 
YHJ 294-1 3000 
444237 0.5 
444238 45 

231 

90 

26 6 
150 
29 19 

540 
24 242 

5800 
0.5 110 

55 

important for potency towards MTl-MMP as noted by the large 
differences in K; values between inhibitor pairs. The K^ values 
were generally lower for cdMTl -MMP when compared with those 
for ATM-MTl-MMP, which is consistent with the peptide studies. 
Interestingly, the ratios of K, values for diastereomers correlated 
with a slope of 1.03 between cdMT 1 -MMP and ATM-MT1 -MMP 
(Figure 4). These results demonstrate that the haemopexin domain 
has no direct influence on the structure of the active site of the 
enzyme. 

To ensure that ATM-MTl-MMP is a fiiUy functional enzyme 
(i.e. ability to cleave collagen), RTTI was utilized as a substrate. 
Figure 5(B) shows the ability of this enzyme form to degrade 
native RTTI at 37 °C (three-quarter and one-quarter fragments 
not shown). The RTTI was not hydrolysed by cdMTl -MMP under 
the same conditions (reaction was also followed overnight with the 
same results; not shown). The same assay was performed with 
RTTI preparations that were first boiled for 5min. Both the 
enzymes rapidly degraded the denatured RTTI (gelatin) samples. 
These results demonstrate that both enzyme forms maintain 
hydrolytic characteristics consistent with published reports. 

© 2004 Biochemical Society 
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K,RdiocdMT1-MMP 

Figure 4   Correlation of diastereomer K, ratio 

The ratios from Table 2 were plotted and foiind to tiave a correlation of 1.03 (r^ = 0.9961). 

DISCUSSION 

The haemopexin domain in MMPs is necessary for the cleavage of 
native interstitial type I-in coUagens by mechanisms that are not 
completely understood [7,8]- In this study, the substrate specificity 
and inhibition of cdMTl-MMP was compared with ATM-MTl- 
MMP. The enzyme concentrations were normalized by titration 
with TIMP-2. Both forms of the enzyme were found to be fully 
active, as demonstrated by hydrolysis of either native or denatured 
RTTI, in addition to showing a single band on a Western blot. 
Although coUagenolytic assays are typically performed at 25 °C, 

no cleavage was detected after incubation for up to 2 days at 
room temperature (23 °C). This is consistent with an earlier study 
that showed MTl-MMP does not hydrolyse type I collagen at 
25 °C [13], although other groups have demonstrated cleavage 
[12,14]. The assay temperature was therefore increased to 37 °C 
to allow more flexibility in the collagen strands that are more 
readily hydrolysed. ATM-MTl-MMP alone is not stable after 
prolonged incubation at 37 °C; however, in the presence of a 
substrate (or an inhibitor), the stability is significantly improved 
(results not shown). 

It may be expected that if the active sites were the same, 
the catalytic domain alone would be a more efficient enzyme 
to hydrolyse single-stranded peptides due to hindrance by the 
haemopexin domain. This domain may limit enzyme flexibility, 
diffusion of peptide into the enzyme-active site or altematively 
decrease effective substrate concentration by exosite binding. The 
activation energies for substrate 1 are consistent with k^JK^ 
values which may suggest enzyme flexibility or diffusion as 
possible reasons for the difference. The k^JKu values for five 
similar single-stranded peptides were correlated between both 
forms of the enzyme. The k^JKu value for triple-helical substrates 
will correspond to this fit if the enzyme hydrolyses these substrates 
in a manner similar to the single-stranded substrates. Although the 
absolute k^JKu values were slightly higher for cdMTl-MMP, 
the values did not correlate with the single-stranded substrates. 
Therefore the haemopexin domain of MTl-MMP facilitates the 
hydrolysis of triple-helical peptide substrates, consistent with 
previous studies, indicating that the haemopexin domain of 

li-. 
A 

1.0 1 v 
CdMTl-MMP 

o.a. \ 
OJ». 

\ 
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\ 
0.2 . 
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4        S        « 

Figure 5   Enzyme titration and collagen cleavage 

(A) The concentrations of active cMJ^-UMP and ATM-t^TI-Mfi/IP were normalized by titration with TIMP-2 as described in the Materials and methods section: IE] = [!] at the x-intercept. 
(B) Collagen cleavage was verified for ATIVI-MTI-IVIIVIP with RTTI. Either ATI^-I\/IT1-MMP (lanes 2 and 4) or cdMT1-MlVlP (lanes 3 and 5) at 80 nU was incubated with 280 /zg/ml RTTI 
(lanes 1-3 native; lanes 4-6 denatured by first boiling for 5 min) at 37 °C for 8 h. The reactions were stopped with 50 mM EDTA, 100 mU dithiothreitol and boiling for 5 min. The samples were 
analysed by SDS/PAGE (7 % gel) with silver staining. Lane 1 is native RTTI only and lane 6 is denatured RTTI only. (C) Western blot (SDS/PAGE, 12 % gel) of the purified enzymes shows one band 
for the ATM-MTI-H/IMP sample. 
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MTl-MMP modulates activity towards proteinaceous substrates 
[25]. 

Diastereomeric inhibitor pairs were utilized to probe the archi- 
tecture of the enzyme-active site. Structural differences between 
the enzyme forms would be expected to be shown by different 
Ki ratios for inhibition by the pairs of stereoisomeric compounds 
tested. A correlation of 1 between the enzymes demonstrates 
that no significant differences were found at the active site. 
Although several groups have published the requirement of the 
haemopexin domain to hydrolyse native type I-III coUagens, no 
previous report has addressed an active-site comparison for MTl- 
MMP with and without the haemopexin domain. 

The triple-helical peptidase activities of coUagenolytic en- 
zymes (MMP-1, MMP-13 and MTl-MMP) exhibit noteworthy 
differences. MTl-MMP shows triple-helical peptidase activity 
much greater than either MMP-1 or MMP-13 [15]. The haemo- 
pexin domain of MMP-1 appears to have virtually no influence 
on triple-helical peptidase activity [15,26], unlike MTl-MMP. 
MMP-13 shows a far greater difference between single-stranded 
and triple-helical substrate hydrolysis compared with either 
MMP-1 or MTl-MMP [15,27]. Thus, although a number 
of MMP family members are classified as 'coUagenolytic', their 
precise mechanisms for binding, distorting and hydrolysing triple- 
helical structures are almost certainly different in subtle, but as 
yet undefined, ways. 

One important question remaining is how does the haemopexin 
domain influence the catalytic activity of MTl-MMP? It has been 
proposed that triple-helical peptidase and coUagenase activity are 
distinguishable, as the catalytic domains of collagenases have the 
ability to cleave triple-heUcal peptides but not coUagens [26]. 
The haemopexin domain may therefore be required for proper 
orientation and distortion of the collagen. Overall and co-workers 
[11] recently found that it is the linker region between the catalytic 
and haemopexin domain that is necessary for native type I collagen 
binding. The linker region may influence triple-helicase activity. 
Without knowing the three-dimensional structural organization 
of the linker and haemopexin domain, it is difficult to address 
specifically how the activities of MMPs are modulated by their 
structural motifs and domains. 
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Hiunan endometase/matrilysin-2/matrix metallopro- 
teinase-26 (MMP-26) is a novel epithelial and cancer-spe- 
cific metalloproteinase. Peptide libraries were used to 
profile the substrate specificity of MMP-26 from the P4- 
P4' sites. The optimal cleavage motifs for MMP-26 were 
Lys-Pro-Ile/Leu-Ser(Pl)-Leu/Met(Pl')-Ile/Thr-Ser/Ala-Ser. 
The strongest preference was observed at the PI' and P2 
sites where hydrophobic residues were favored. Proline 
was preferred at P3, and Serine was preferred at PI. The 
overall specificity was similar to that of other MMPs with 
the exception that more flexibility was observed at PI, 
P2', and P3'. Accordingly, synthetic inhibitors of gelati- 
nases and coUagenases inhibited MMP-26 with similar 
efficacy. A pair of stereoisomers had only a 40-fold differ- 
ence in Kf"P values against MMP-26 compared with a 250- 
fold difference against neutrophil collagenase, indicating 
that MMP-26 is less stereoselective for its inhibitors. 
MMP-26 autodigested itself during the folding process. 
Two of the major autolytic sites were Leu''^-Thr®'' and 
Ala'®-Leu™, which still left the cysteine switch sequence 
(PHC^^GVPD) intact. This suggests that Cys^^ may not 
play a role in the latency of the zymogen. Interestingly, 
inhibitor titration studies revealed that only —5% of the 
total MMP-26 molecides was catalytically active, indicat- 
ing that the thiol groups of Cys^^ in the active molecules 
may be dissociated or removed fi-om the active site zinc 
ions. MMP-26 cleaved Phe^^^-Leu^^^ and Pro^^^-Met'"^^ in 
the reactive loop of aj-proteinase inhibitor and His'^^"- 
Val^''^ in insulin-like growth factor-binding protein-1, 
probably rendering these substrates inactive. Among the 
fluorescent peptide substrates analyzed, Mca-Pro-Leu- 
Ala-Nva-Dpa-Ala-Arg-NHa displayed the highest specific- 
ity constant (30,000/molar second) with MMP-26. This re- 
port proposes a working model for the future studies of 
pro-MMP-26 activation, the design of inhibitors, and the 
identification of optimal physiological and pathological 
substrates of MMP-26 in vivo. 
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Matrix metalloproteinases (MMPs)^ share a conservative 
metal binding sequence of HEXGHZXGZZHS and a turn 
containing methionine (1). Evidence suggests that MMPs 
may play important roles in extracellular matrix (ECM) re- 
modeling in physiological processes (2, 3). Excessive break- 
down of the ECM by MMPs is observed in pathological con- 
ditions including periodontitis, rheumatoid arthritis, and 
osteoarthritis. MMPs also participate in tumor cell invasion 
and metastasis by degrading the basement membrane and 
other ECM components and allowing the cancer cells to gain 
access to blood and lymphatic vessels (4). Analyses of a large 
number of peptide and protein substrates and more recent 
work with phage display and synthetic peptide libraries have 
led to the identification of consensus cleavage site motifs for 
a number of different MMPs (5-13). The substrate specifici- 
ties of MMPs are quite similar to each other, showing strong 
preferences for hydrophobic residues at PI'. Although dis- 
tinct MMPs often prefer the same type of amino acid residues 
at corresponding positions surrounding the cleavage site, 
differences in the orders of preference for specific residues at 
each position may more precisely determine MMP specificity 
for substrates. 

Endometase (matrilysin-2/MMP-26) is the smallest member 
of the MMP family, with a molecular mass of 28 kDa (14-17). 
Sequence homology calculations identified metalloelastase 
(MMP-12) and stromelysin-1 (MMP-3) as the closest relatives. 
Nevertheless, the specificity constant profile of peptide sub- 
strates with MMP-26 was quite different from that with 
MMP-12 and MMP-3 (14). According to protein substrate stud- 
ies in vitro, MMP-26 might process matrix proteins such as 
fibronectin, vitronectin, fibrinogen, type IV collagen, gelatinase 
B (MMP-9), and gelatin (14-17). 

MMP-26 has been found to be highly expressed in several 
cancer cell lines. A significant level of expression in normal 
tissues was found only in the uterus and placenta. The lim- 
ited occurrence of MMP-26 in normal tissues suggests that 
the production of this enzyme may be strictly regulated dur- 
ing specific events, such as implantation, and that MMP-26 
could be a target enzyme for the treatment of cancer and 
other pathological conditions. 

The biological function and substrate specificity of MMP-26 
are not yet fully understood. According to the protein substrate 

' The abbreviations used are: MMP, matrix metalloproteinase; a^-PI, 
aj-protease inhibitor; Brij-35, polyoxyethylene lauryl ether; IGFBP-1, 
insulin-like growth factor binding protein-l; MALDI-TOF MS, matrix- 
assisted laser desorption ionization time-of-flight mass spectrometry; 
ECM, extracellular matrix; Tricine, Af-[2-hydroxy-l,l-bis(hydroxymeth- 
yl)ethyl]glycine; Dnp, 2,4-dinitrophenyl; Dpa, iV-3-(2,4-dinitrophenyl)- 
L-2,3-diaminopropionyl; Mca, (7-methoxycoumarin-4-yl)acetyl; Nva, 
non-valine. 
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studies in vitro, it may participate in ECM degradation. In this 
study, we take a step forward toward understanding the bio- 
chemical properties and functions of MMP-26 by identifying 
the cleavage sites of protein and peptide substrates, character- 
izing the substrate specificities of MMP-26 and measuring the 
potencies of synthetic inhibitors. 

EXPERIMENTAL PROCEDURES 

Materials—Dnp-Pro-Leu-Gly-Met-Trp-Ser-Arg-OH, Dnp-Pro-Leu- 
Ala-Tyr-Trp-Ala-Arg-OH, Mca-Pro-p-cydohexylalanyl-Gly-Nva-His- 
Ala-Dpa-NHj, Mca-Pro-Leu-Ala-Nva-Dpa-Ala-Arg-NHj, insulin-like 
growth factor binding protein-1 (IGFBP-1), and MMP-specific synthetic 
inhibitors were purchased from Calbiochem, and Dnp-Pro-Leu-GIy- 
Leu-Trp-Ala-D-Arg-NHj and Mca-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp- 
Arg-Lys(Dnp)-NH2 were purchased from Bachem. Hydroxamic acid de- 
rivatives of amino acids, buffers, cysteine, Oj-protease inhibitor (ai-PI), 
and 1,10-phenanthroline were purchased from Sigma. Metal salts, Brij- 
35, sodium dodecj'l sulfate, dithioerythreitol, and 2-mercaptoethanol were 
purchased from Fisher. Peptide libraries were synthesized at the Tufts 
University Core Facility (Boston, MA) as described previously (12). 

Preparation of Partially Active MMP-26—MMP-26 was expressed in 
the form of inclusion bodies from transformed E. coli cells as described 
previously (14). The inclusion bodies were isolated and purified using 
B-PER"' bacterial protein extraction reagent according to the manu- 
facturer's instructions. The insoluble protein was dissolved in 8 M urea 
to ~5 nig/nil. The protein solution was diluted to —100 fig/ml in 8 M urea 
and 10 mM dithiothreitol for 1 h, dialyzed in 4 M urea, 1 mM dithiothre- 
itol, 50 mM HEPES, or Tricine, pH 7.5, for at least 1 h and then folded 
by dialysis in buffer containing 50 mM HEPES or Tricine, 0.2 M NaCl, 10 
mM CaCla, 20 (j,M ZnSO^, 0.01% Brij-35, pH 7.5, for 16 h. To enhance the 
activity of MMP-26, the folded enzyme was dialyzed twice for 24 h at 
4 °C in the folding buffer without En'^* ion. The total enzyme concen- 
tration was measured by UV absorption using e28o = 57130 M~' cm~*, 
which was calculated by Genetics Computer Group software. 

Peptide Library Methods—The methods were performed as described 
previously (12). To determine the specificity for the primed positions 
(18), an amino-terminally acetylated dodecamer peptide mixture (1 mM) 
consisting of a roughly equimolar mixture of the 19 naturally occurring 
L-amino acids excluding cysteine at each site was incubated with 
MMP-26 in 50 niM HEPES, pH 7.4, 200 mM NaCl, 5 mM CaCl^ at 37 "C 
until 5-10% of the peptides were digested. An aliquot (10 /iil) of the 
mixture was subjected to automated amino-terminal peptide sequenc- 
ing. The data in each sequencing cycle were normalized to the total 
molar amount of amino acids in that cycle so that a value of 1 indicated 
the average value. Undigested peptides and the amino-terminal frag- 
ments of digested peptides are aniino-terminally blocked and therefore 
do not contribute to the sequenced pool. 

Tlie specificity of the unprimed side was determined by libraries with 
the sequence MAXXXXXLRGAAEE(K-biotin) for the P3 site and MAX- 
XPXXLRGGGEE(K-biotin) for other sites, where X represents a degen- 
erate position, K-biotin is e-(biotinamidohexanoyl)lysine, and the amino 
terminus is unblocked. Libraries were partially digested with MMP-26 
as described above, quenched with EDTA (10 mM), and treated in batch 
with 400 fi\ of avidin-agarose resin (Sigma). The mixture was trans- 
ferred to a column, which was washed with 25 mM ammonium bicar- 
bonate. The unbound fraction was evaporated to dryness under reduced 
pressure, suspended in water, and sequenced. Data were normalized as 
described above. 

Kinetic Assays—Assays of fluorescent peptide substrates were per- 
formed by following the procedures reported in the literature (14, 29). 
For substrates containing the tryptophan residue, the fluorescence was 
obsen'ed at an excitation wavelength of 280 nm and emission wave- 
length of 360 nm, and for substrates containing 3-methoxycoumarin, 
fluorescence was measured at an excitation wavelength of 328 nm and 
emission wavelength of 393 nm. All of the kinetic experiments were 
conducted in 50 mm HEPES buffer containing 10 mM CaCl^, 0.2 M NaCl, 
and 0.01% Brij-35. To assess inhibition potency for tight binding inhib- 
itors, the apparent inhibitor dissociation constants (X)*'''' values) were 
calculated by fitting the data to Morrison's equation (19). The inhibitor 
dissociation constants (if, values) were determined by Dixon's plot (20) 
for less potent inhibitors. Tlie inhibition assays were performed with a 
peptide substrate (1 ^M), Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NHj, and 
5-10 different inhibitor concentrations. The substrate stock solutions 
were prepared in MBJSO and then further diluted to 50% MoaSO in 
water. Tlie final MogSO concentration in the assays was 1%. The in- 
hibitors were dissolved in MogSO to 5 or 2 mM and diluted with meth- 
anol with the exception of inhibitor W (Calbiochem catalogue number: 

444250), which was dissolved in assay buffer. The final methanol con- 
centration in the inhibition assays was 5% (v/v). The specificity con- 
stants (fe„,^Jr,„ values) were determined by the equation V = (.k^„J 
K„^W [S], which is modified from the Michaelis-Menten equation when 
[S] « K„. 

The enzyme became a mixture of several states after partial activa- 
tion by dialysis. The total concentration of 400 uM MMP-26 was meas- 
ured by absorption at 280 nm and calculated using a molar extinction 
coefficient of 57,130 M'* cm~*. The enzyme was titrated with MMP 
inhibitor I (GM-6001) to determine the concentration of catalytically 
active MMP-26. The titration analysis revealed the concentration of 
active MMP-26 to be 21 nM, which was —5%. of the total protein con- 
centration after dialysis. For an accurate titration, the concentration of 
an enzyme is required to be at least 100-fold more than the inhibition 
constant of the titrant (21). To avoid the depletion of substrate by a high 
MMP-26 concentration, a less specific substrate, Mca-Arg-Pro-Lys-Pro- 
Val-Glu-Nva-Trp-Arg-Lys(Dnp)-NH2, designed for MMP-3 (22), was 
used for detection of the initial rate. The cleavage of this substrate by 
MMP-26 was the slowest among peptide substrates studied in our 
laboratoi-y (14). 

IGFBP-1 and a,-PI Digestion by MMP-26—IGFBP-1, Oi-PI, and 
MMP-26 solutions were diluted or dissolved in 50 mM HEPES buffer at 
pH 7.5 containing 10 mM CaCl^, 0.2 M NaCl, and 0.01%. Brij-35. 
IGFBP-1 (4 jug) and MMP-26 (0.63 (xg) in a total volume of 50 /j.1 were 
incubated for 2 days at room temperature. Each day, 10 pi of reaction 
mixture was taken, and the reaction was stopped by boiling for 5 min 
after 2x SDS-PAGE sample buffer containing 2% SDS, 100 mM dithi- 
othreitol, and 50 mM EDTA was added. The cleaved products were 
sepai-ated by a 12% acrylamide gel and detected by silver staining. For 
cleavage of aj-PI, 90 /iig of KJ-PI were incubated with 1.3 ^g of MMP-26 
in a total volume of 100 pX. The samples were collected after 1 h, Iday, 
and 2 days. The cleaved products were separated by a 15% SDS-PAGE 
and detected by silver staining. 

Determination of Cleavage Products by Matrix-assisted Laser Desorp- 
tion lonization Time-of-Flight Mass Spectrometry (MALDI-TOF MS)— 
The cleavage sites of fluorogenic peptide substrates and Oj-PI were 
determined by measuring the mass of the cleavage products with a 
Bruker protein time-of-flight mass spectrometer. The reaction mixture 
was mixed with an equivalent volume of a-cyano-4-hydroxycinamic acid 
(4.5 mg/ml in 50% CHjCN, 0.05% trifluoroacetic acid) matrix solution 
containing S3mthetic peptide calibrants. Because the high salt concen- 
tration increased the noise in the mass spectra, the digestion reaction 
was performed with 10 mM HEPES buffer containing 5 mM CaClj 
overnight at room temperature. For fluorogenic substrates, MMP-9 was 
used as a positive control. 

RESULTS 

Substrate Specificities of MMP-26—The substrate specificity 
of MMP-26 was investigated using a recently described peptide 
library method (12). Data are shown in Fig. 1. The residues 
preferred at each site from P4-F4' are summarized in Table I. 
The strongest selectivity was seen at the PI' site where large 
hydrophobic residues were preferred. Small residues, alanine 
and serine, were preferred at the P3' site. Although P2' and P4' 
displayed indistinct specificity compared with the PI' site, a 
lack of a preference for a basic residue (Arg or Lys) at the P2' 
site was unique to MMP-26 (Table I). Among the unprimed 
positions, the P3 site showed the highest selectivity preferring 
proline and valine. The PI site was not as selective as the P3 
site, although small residues such as serine were preferred. 
The preference of MMP-26 for proline at P3, hydrophobic res- 
idues at P2 and PI' sites, and serine at PI is similar to that of 
other MMPs (5-13). 

Inhibition of MMP-26 by Synthetic Inhibitors—Inhibition 
constants for several inhibitors designed for coUagenases and 
gelatinases were measured with MMP-26, and these values are 
shown in Fig. 2. Among the four inhibitors tested, inhibitor I 
(23) was the most potent for MMP-26 with a Kf^^ of 0.36 nM. 
Inhibitor II inhibited MMP-26 with a Kf^P of 1.5 nM, which is 
similar to the inhibition constant with neutrophil coUagenase 
MMP-8 (4 nM) (24). Inhibitor III is a less potent stereoisomer of 
inhibitor II, and MMP-8 discriminates between the two with a 
250-fold difference in their inhibition constants (1000 versus 4 
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FIG. 1. Cleavage site specificity of 
MMP-26 (endometase). The figures on 
the right represent the relative distribu- 
tion of amino acid residues at positions 
COOH terminus (Pl'-P4') to the MMP-26 
cleavage site determined by sequencing 
the cleavage fragments of a random do- 
decamer (Ac-XXXXXXXXXXXX). Data 
are normalized so that a value of 1 corre- 
sponds to the average quantity per amino 
acid in a given sequencing cycle and 
would indicate no selectivity. Tryptophan 
was not included in the analysis because 
of poor yield during sequencing. The fig- 
ures on the left represent specificity of 
positions amino terminus to the MMP-26 
cleavage site. For the P3 position, data 
shown were obtained using the library 
MAZXZXXLRGAARE(K-biotin). For all 
other positions, the P3 proline library 
MGZXPXXLRGGGEE(K-biotin) was 
used. Glutamine and threonine were 
omitted in some cycles because of high 
background on the sequencer. Data were 
normalized as for the primed sites. 
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nM). There was a 40-fold difference between the XfPP values of ICgo value of 3.4 /J,M. This ICgg value is similar to the IC50 
the pair of stereoisomers with MMP-26 (60 versus 1.5 nu). values with interstitial coUagenases MMP-1 and MMP-8 (both 
Inhibitor IV inhibited MMP-26 with a KfP^ of 2.9 /LIM and an     are 1 /XM) (25). 
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TABLE I 
Cleavage site motifs for MMP-2&' compared with those of six other MMPs^ 

Enzyme 
Cleavage position 

P4 P3 P2 PI PI' P2' P3' P4' 

MMP-26 Lup (1.3) Pro (2.2) He (1.7) Ser(1.5) Leu (3.4) He (1.5) Ser (2.0) 
Val (1.6) Leu (1.4) Met (2.7) Iwe (1.5) Ada (2.0) 

Tyr(1.3) He (2,3) 
Phe (2.0) 
Tyr (1.5) 
Gin(1.3) 

Phe (1.4) 
Gin (1.4) 

Thr (1.6) 
Glyd.S) 

MMP-1 Val Pro Met Ser Met Met Ala 
MMP-2 He Pro Val Ser Leu Arg Ser 
MMP-3 Lys Pro Phe Ser Met Met Met 
MMP-7 Val Pro Leu Ser Leu Val Met 
MMP-9 Val Pro Leu Ser Leu Arg Ser 
MMP-14 Ik Pro Glu Ser Leu Ai-g Met 
MMP Val Pro Leu Ser Leu Ai-g Ala 
Consensus'' Val Tyr Met 

lie 
He 

Ser (1.3) 

° Quantities were determined from sequencing data as described for Fig. 1, and values al.3 are listed. All primed sites were obtained using the 
library Ac-XXXXKXKKXXXX. MAXXXXXLEGAARE(K-biotin) and MGXXPXXLRGGGEE(K-biotin) were used to produce the data at the unprimed 
sites. 

* Data from Turk et al. (12). A series of consensus peptides/optimal cleavage site motifs were selected and listed for each MMP. 
' Data summarized from Turk et al. (12). These listed residues were selected among amino acids that appeared at least in 5 of the 6 MMPs with 

value.s 2:1.3. 

H3C   CH3 

OCH, 

III 

GM-6001 

OH     0.36 nM 

1.5 nM 

444237 
Calbiochem 
Catalog number 

60 nM 

444238 

IV 

OCH, 

4-Abz-Gly-Pro-D-Leu-D-Ala-NHOH 

444250 
2.9 nM 

FIG. 2. The structures of MMP inhibitors and their inhibitor 
dissociation constants with MMP-26, The apparent inhibition con- 
stants (iff'* values) were determined by Morrison's equation for tight 
binding inhibitors (compounds /, //, and ///) (19), and the inhibition 
constant (if, value) was determined by Dixon's plot for a less potent 
inhibitor (compound IV) (20). The values were 0.36,1.5,60, and 2900 nM 
for compounds I, II, III, and IV, respectively. 

Autocleavage Sites ofRecombinant MMP-26—Dialysis of the 
folded pro-form of MMP-26 results in an increase in activity 
because of autolysis of the prodomain. MMP-26 was collected 

after two 24-h dialyses with fresh buffer at 4 °C (further dial- 
ysis or incubation gradually reduced the activity). Partially 
activated MMP-26 was compared with tlie zymogen form on a 
silver-stained polyacrylamide gel (Fig. 3). The band near 30 kDa 
was confirmed to be pro-MMP-26 by amino-terminal sequencing 
(Fig. 3, lane 2) (14). Several bands below 30 kDa appeared after 
the dialysis, three of which were located between 20 and 25 kDa 
(Fig. 3, lane 3). One or more of the three cleavage products may 
be active forms of MMP-26 and was analyzed by amino-terminal 
sequencing. Only the top two bands were successfully sequenced. 
The top band resulted from cleavage of a peptide bond between 
Leu*® and Thr®", and the band below it was a product of cleavage 
between Ala™ and Leu'® (sequence based on Ref. 14). The cleav- 
age at either site does not remove the cysteine switch sequence 
PHC^^GVPDGSD. 

Cleavage of Fluorogenic Substrates by MMP-26—Initial 
screening of a number of fluorogenic peptide substrates re- 
vealed that gelatinase and collagenase peptide substrates were 
most efficiently cleaved by MMP-26 (14, 17). Therefore, we 
chose peptide substrates designed for gelatinases or coUag- 
enases for further study, three of which contained Trp and two 
of which contained 7-methoxy coumarin as the fluorogenic 
group, respectively (26-30). The active MMP-26 concentration 
was determined by active site titration with inhibitor I (Fig. 4) 
using the least efficient substrate tested as described under 
"Experimental Procedures." The titration analysis revealed the 
concentration of active MMP-26 to be —5% of the total enzjrme 
concentration (21 of 400 nM). The cleavage sites of the six 
fluorogenic peptide substrates were determined by identifying 
the mass of the products by mass spectrometry. Mass spectra of 
the cleavage products revealed that the cleavage sites of the 
substrates by MMP-26 and MMP-9 were identical as shown in 
the example of peptide III (Fig. 5). The specificity constants 
(k^^JK^„} of these six peptide substrates with MMP-26 were 
measured and calculated as shown in Table IL MMP-26 hydro- 
lyzed peptide V with the highest specificity constant (3.0 x lO'' 
m"'^ B~^), which is still lO-fold lower than the specificity con- 
stant with MMP-2 (3.97 X 10^ &r ^ s"^) (26). 

Cleavage Site ofuj-PI and JGFSP-i—MMP-26 cleaved a^-PI 
near the COOH terminus to produce a COOH-terminal frag- 
ment of approximately 5 kDa (Pig. 6, lanes 6 and 7). This 
fragment was detected by silver staining of a 15% SDS-PAGE 
gel run under optimized conditions to identify proteins of mo- 
lecular masses <10 kDa as described previously (31). A 24-h 
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^LLHQPHCG 

FIG. 3. Autolysis of MMP-26 during dialysis. Lanes 1-3 were low 
molecular weight markers and the folded MMP-26 before and after 
dialysis at 4 °C for 24 h, respectively. The cleavage sites of MMP-26 that 
formed the two major bands around 20 kDa were revealed to be The^"^- 
Gln^^ and Ala'^-Leu'^ by amino-terminal sequencing. 

>" 

[I], nM 
FIG. 4. Determination of the active MMP-26 concentration by 

titration of MMP-26 with inhibitor I. Total MMP-26 concentration 
was estimated to be 400 nM by molar absorptivity. The estimated active 
concentration was 21 nM by fitting the titration data into Morrison's 
equation (19). The assays were performed as described under "Experi- 
mental Procedures" with 1 jxu of the substrate. 

incubation of a^-PI with MMP-26 at room temperature led to 
the formation of a fragment below 14.4 kDa {lane 6), which was 
not cleaved any further after 2 days of incubation {lane 7). The 
mass spectrum of the a-^^-Pl and MMP-26 mixture (Fig. IB) 
exhibited two new peaks located at 4260 and 4774, which were 
not observed in the spectrum of a^-PI alone (Fig. 7A). Based on 
molecular mass analysis, the cleavage sites resulting in these 
fragments should be Phe^^^-Leu^'^^ (-4774 Da) and Pro^'^''- 
Met^'^^ (-4260 Da) near the COOH terminus of a-^-Fl. 

A comparison of lanes 2 and 7 in Fig. 8 indicated that there 
was no detectable proteolysis of IGFBP-1 without MMP-26. 
The dark band around 30 kDa (IGFBP-1) disappeared, and a 
band below 14.4 kDa appeared when IGFBP-1 was incubated 
with MMP-26 for 1 or 2 days {lanes 4 and 5, respectively). The 
amino-terminal sequence of this band was determined to be 
Val-The-Asn-Ile-Lys-Lys-Trp-Lys, demonstrating that it arises 

> 

CD 
a: 

FIG. 5. An example of the determination of fluorogenic peptide 
cleavage sites by MALDI TOF mass spectrometry. 80 )JM peptide 
substrate III (Table II), Dnp-Pro-Leu-Gly-Leu-Trp-Ala-(D)-Arg-OH) 
was incubated overnight with 5 nM MMP-9 (human neutrophil gelatin- 
ase) (A), alone (B), and with 20 nM endometase (C), pH 7.5, and 10 mM 
HEPES containing 5 mM CaClj at room temperature. The two peaks 
observed at m/z 1474 and 2953 were internal synthetic peptide mass 
calibrants. The peaks at m/z 975 and 542 were the substrate and the 
cleaved peptide fragment, Leu-Trp-Ala-(D)-Arg-OH, produced by cleav- 
age of the Gly-Leu peptide bond by MMP-9 and endometase, 
respectively. 

TABLE II 
Peptide substrates of MMP-26'' 

Fluorogenic substrate cleavage sites KJK„ 

P3      P2      PI      PI'      P2'      P3'      P4' 
Dnp-Pro-Leu-Gly-Met-Trp-Ser-Arg-OH   (I) 
Dnp-Pro-Leu-Ala-Tyr-Trp-Ala-Arg-OH   (II) 
Dnp-Pro-Leu-Gly-Leu-Trp-Ala-(D)Arg-OH   (III) 
Mca-Pro-Cha-Gly-Nva-His-Ala-Dpa-NH2    (IV) 
Mca-Pro-Leu-Ala-Nva-Dpa-Ala-Arg-NHj   (V) 
Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2    (VI) 

9.4 X 10^ 
3.5 X 10^ 
4.9 X 10^ 
1.7 X lO'' 
3.0 X 10* 
2.2 X 10* 

" All of the assays were performed in pH 7.5 buffer containing 50 mM 
HEPES, 0.2 M NaCl, 0.01 M CaC12, 0.01% Brij-35 at 25°C. The range of 
substrate concentrations used were IjxM, and the active MMP-26 con- 
centration used was 2 nM for the substrates containing the Mca group 
and 10 nM for the substrates containing the Trp residue. 

'' The cleavage sites of the substrates were determined by mass spec- 
trometry as described under "Experimental procedures" and Fig. 5. 

from cleavage at the same site (His-'^*''-Val-'-*''^) as stromelysin-3 
(MMP-11), which produces an inactive 9-kDa fragment (32). 

DISCUSSION 

The results obtained from peptide library studies indicate 
that MMP-26 substrate specificities are similar to those of 
other MMPs where hydrophobic residues are preferred at 
Pl'and P2, proline is preferred at P3, and serine is preferred at 
PI. The optimal cleavage motifs/consensus peptide sequences 
for MMP-26 were Lys-Pro-Ile/Leu-Ser(Pl)-Leu/Met(Pl')-Ile/ 
Thr-Ser/Ala-Ser (Table I), which are not identical to those of 
MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, and MMP-14 (12). 
Based on this sequence specificity knowledge, new fiuorescence 
resonance energy transfer substrates more specific for MMP-26 
will be designed and developed. These data may provide critical 
information applicable to the design of new MMP-26-specific 
inhibitors and to the identification of novel physiological and 
pathological substrates of MMP-26 in vivo. 

The inhibition constants of four synthetic inhibitors with 
MMP-26 were comparable to those with gelatinases and colla- 
genases, the enzymes for which the inhibitors were designed. 
This corroborates the findings that the substrate specificity of 
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FIG. 6, Cleavage of human aj-PI by MMP-26. After incubation of 
an Oi-PI (900 iig/mi) and MMP-26 (13 (xg/ml) mixture for 1 day (lane 6) 
and 2 days (lane 7) at room temperature, the COOH-terminal cleavage 
products were detected by silver staining a 15% SDS-PAGE gel. Sam- 
ples containing a^-Pl were overloaded to detect the bands of around 4.5 
kDa in kines 6 and 7, which might be 4.8- and 4.2-kDa fragments 
produced by MMP-26 proteolysis of oij-PI. The two amino-terminal 
sequences were deduced from the mass spectrometry results shown in 
Fig. 6 compared with the primary structure of human a^-Pl. 

miz 

FIG. 7. Cleavage sites of «,-PI by MMP.26 determined by 
MALDI TOP mass spectrometry, «i-PI alone (A) and with MMP-26 
(B) were incubated for 1 day in 10 niM HEPES buffer at pH 7.5 con- 
taining 5 m.M CaCl^. The peaks at m/z 1474 and 2953 were two internal 
calibrants. The two peaks observed at m/z 4260 and 4774 were produced 
from a,-PI cleavage by MMP-26 at the sites Pro^'^-Met'''""' and 
Phe'^'^-Leu'''. 

MMP-26 is quite close to that of other MMPs. Inhibitor 
FGM6001 was the most potent inhibitor of MMP-26 tested with 
aZfPP of 0.36 DM. GM6001 also potently inhibits MMF-2 (Ki = 
0.5 nM) and MMP-8 (K^ = 0.1 nu) but is less effective against 
MMP-3 (K,: = 27 HM) (23). Inhibitor III is a less potent stereo- 
isomer of inhibitor II, and MMP-8 discriminates between the 
two with a 250-fold difference in their inhibition constants. 
There was only 40-fold difference between the Kf^^ values of 
the stereoisomers wdth MMP-26, indicating that MMP-26 is 
less stereoselective for its inhibitors. Inhibitor IV was more 
selective for MMP-1 and MMP-8 (ICgo = 1 ^M against both 
enzymes) than MMP-9 (ICgo = 30 /AM) and MMP-3 (ICgo = 150 
^M) (25). This inhibitor has an ICgg value of 3.4 ^M with 
MMP-26, similar as that with MMP-1 and MMP-8. 

A survey of known protein cleavage sites determined in vitro 
for MMP-26 is summarized in Table III. The survey indicates 
that hydrophobic residues are preferred at PI' and appear in 

nb-      n<p'      ^.      f^- 
..,-C^' 

rt?       ,1? 

kDa 
97 
66 
45 

30 

20 

14.4 

K K K N &,» N' 
$        S S'      .«?'     ^^      ^' <^ 

'*'#/• ^     X?    -^ <<^ 

jHHHg  ^^^^^ 
N-termlnal sequence 

— VTNIKKAK 

FIG. 8. Cleavage of IGFBP-1 by MMP.26. IGFBP-1 (80 >tg/ml) was 
incubated with MMP-26 (13 ftg/ml) for 0 h (lane 2), 1 h (lane 3), 1 day 
(lane 4), and 2 days (lane 5). Tlie dense band below 14.4 kDa observed 
after 1 day (lane 4) was the product of IGFBP-1 cleavage by MMP-26 at 
the His^-VaP" site. 

TABLE III 
Protein sequences hydrolyzed by MMP-26 

Proteins Cleavage sites'^ 

Oi-PF 

MMP-26 (autolysis)* 

MMP-26 (autolysisF 
IGFBP-1* 
Fibronectin'' 
Vitronectin'' 
Fibrinogen'' 

GAMF-LEAI 
EAIP-MSIP 
QMHA-LLHQ 
SPLL-TQET 
QLLQ-QPHR 
KALH-VTNI 
SPVA-VSQS 
KPEG-IDSR 
SKPN-MIDA 
HTEK-LVTS 
GDKE-LRTG 

" A line is inserted in the cleavage site. 
* Data from this study. 
" Data from Marchenko et al. (41). 
'' Data from Marchenko et al. (17). 

almost all of the substrates. Residues occurring at other posi- 
tions that agree with the consenstis from the peptide libraries 
include proline (3 times) at P3, hydrophobic residues (6 times) 
at P2, and Ser, Ala, and Thr (4 times) at F3'. Residues at the 
other positions seem random and do not coincide with residue 
predictions by the peptide libi-aries, although the libraries do 
indicate less stringent selectivity at these positions. Accord- 
ingly, no individual protein cleavage site precisely matches the 
consensus motif determined by the peptide library studies, 
suggesting that the cleavage sites in these protein substrates 
are probably suboptimal for cleavage by MMP-26. The folding 
topology of the protein may be a contributing factor to the en- 
zyme-substrate interactions. Although the protein cleavage site 
may not be the optimal sequence, the peptide chain might as- 
sume a conformation that is easily accessible to a protease active 
site; for example, an exposed loop is foimd in the bait region of 
ag-macroglobulin (33), and the reactive loop is found in the bait 
region of aj-PI (34). Alternatively, the cleavage of a suboptimal 
site may be promoted by recruitment to the enzyme via a sub- 
strate-binding exosite. In addition, the presence of unfavorable 
residues around the cleavage site may slow down the rate of 
digestion by a protease, regulating the degradation process. 

MMP-26 has been shown to digest several components of the 
extracellular matrix, such as fibronectin, coUagens, fibrinogen, 
and vitronectin, but not any of several plasma proteins tested 
with the exception of aj-PI (14, 17). It has been reported that 
the cleavage of the reactive loop residues around 350-365 in 
a^-PI by MMP-1 and MMP-3 inactivates the inhibitor (34-36). 
The digestion of a^-¥l by MMP-26 generates two major peaks 

1 
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that originate from the cleavage at two sites near the COOH- 
terminal region, Phe^^^-Leu*^^^ (-4774 Da) and Pro^^''-Met3'58 
(-4260 Da). These are the same cleavage sites for MMP-1 (35). 
In addition, MMP-3 cleaves the Pro'^'^'^-Met^''^'^ bond (34). 
MMP-11 cleaves the Ala^^'^O-Met^''^ bond (36), a site distinct from 
those of MMP-26 and MMP-1. Interestingly, direct evidence 
showed that a^-PI was a critical substrate for MMP-9 in vivo in 
a mouse model of the autoimmune disease bullous pemphigoid 
(37). Thus, MMP-26 may inactivate a^-Fl like the other MMPs to 
promote serine proteinase activity, enhancing extracellular ma- 
trix degradation in cancers or other pathological processes. 

The insulin-like growth factors, IGFBPs, and IGFBP pro- 
teases are involved in the regulation of somatic growth and 
cellular proliferation. The level of free insulin-like growth fac- 
tor in a system is modulated by rates of insulin-like growth 
factor production and clearance and the degree of binding to 
IGFBPs (38). IGFBP-1 inhibits IGF-I-induced proliferation of 
the MCF-7 human breast adenocarcinoma (32). Through their 
inactivation of IGFBP-1, MMPs were able to promote cell 
growth and survival by the increase of the effective insulin-like 
growth factor concentration in the surrounding medium (32). 
MMP-26 cleaves the His^^-Val"! bond in IGFBP-1 as does 
MMP-11. Therefore, the cleavage of IGFBP-1 by MMP-26 to 
produce the 9-kDa inactive form may sustain the survival of 
cancer cells, increasing the chance of metastasis. 

The cleavage sites in the fluorogenic substrates seem in good 
agreement with the motifs determined by the peptide library 
approach. Although the six commercial fluorogenic peptide 
substrates tested were not designed for the specificity of MMP- 
26, some of them resemble closely to the consensus sequences of 
peptide substrates for MMP-26 determined by the peptide li- 
brary studies, proline at P3, a hydrophobic residue at P2, PI', 
and P2', and small residues at P3', with the exception that 
serine is preferred at PI and P4', Lys is preferred at P4, but a 
basic residue is not preferred at P2'. The best substrate tested 
for MMP-26 was peptide V, Mca-Pro-Leu-AIa-Nva-Dpa-Ala- 
Arg-NIl2 This peptide appears to be very close to optimal 
sequences determined by the peptide library studies where 
there is a selected residue at essentially every position (see Fig. 
I and Table I) with the exception that the peptide libraries do 
not have Nva at PI'. 

The cleavage sites in the protein substrates tested do not 
match exactly the optimal motifs identified by the peptide library 
approach; however, upon close examination of the protein cleav- 
age site data presented in Table III, it seems that the amino acid 
residues at PI and P4' are less selective. This is in good agree- 
ment with the peptide library data. Furthermore, PI' is more 
selective, and Leu, Met, and He are preferred at PI' (Fig. 1). This 
finding is consistent with the protein cleavage site data shown in 
Table III in which 7 of the 11 residues (64%) at PI' are these 
residues. Moreover, two Lys residues are found at the P4, and 
two Ser residues are found at P4' of the protein cleavage sites, 
which is also unique to MMP-26 according to the library data. 

The relative rates of cleavage in the six fluorogenic sub- 
strates also correspond to the peptide library data relatively 
well. The best substrate is peptide V with a specificity constant 
of 3.0 X 10* M"^ s"-^. In addition to peptide V, peptides IV and 
VI are also relatively good substrates for MMP-26 with speci- 
ficity constants of 1.7 X 10* M"^ S"^ and 2.2 X 10* M"^ S"\ 

respectively (Table II). The worst substrate of MMP-26 in Table 
II is peptide II with a specificity constant —10 times slower 
than peptide V. Neither Ala at PI nor Tyr at PI' in the peptide 
II is preferred. On the other hand, the rate of cleavage of 
peptide V, the best peptide of MMP-26 in Table II, is 10 times 
slower than the rate of substrate cleavage by MMP-2 (3.97 x 
10® M~^ s^^) (26). The slower rate of peptide and protein diges- 

tion by MMP-26 suggests that this enzyme is not the most 
powerful MMP catalytically or the optimal substrates for 
MMP-26 have not been identified. 

It is also possible that a manageable rate of MMP-26 catal- 
ysis may be required in biological processes such as normal 
implantation where tight control of substrate degradation is 
highly desirable. In the latter scenario, the function of MMP-26 
may not be limited to the direct degradation of ECM. MMP-26 
may play a more critical role in controlling the activities of 
growth factors or proteases that mediate such processes. Con- 
sequently, biologically significant substrates of MMP-26 may 
be growth factor-binding proteins, receptors, zymogens, and 
enzyme inhibitors. 

MMP-26 is not only unique in terms of its tissue and cell- 
specific expression as reported by us and others (14-17) but 
also because of its unique cysteine switch sequence 
(PH^^CGVPDGSD) and thus its unique pathway of proenzyme 
activation. Many members of the MMP family follow the classic 
cysteine-switch activation model (39, 40). The inactivity of a 
pro-MMP is generally attributable to a complex between the 
sulfhydryl group of a cysteine residue in the cysteine switch 
sequence (PRCGVPDV) of the prodomain and the active site 
zinc atom in the catalytic domain. The activation of a pro-MMP 
can be achieved proteolytically by hydrolysis of the propeptide 
on the carboxyl-terminal side of the cysteine switch residue 
near the border between the propeptide and catalytic domains. 
This proteolytic step may be catalyzed by another proteinase or 
it may be an autolytic step (39, 40). However, Marchenko et al. 
(41) have challenged the cysteine-switch model. Their report 
showed that the activating cleavage site of pro-MMP-26 occurs 
at Gln®*-Gln^°, leaving the putative cysteine switch sequence 
intact. It was suggested that the Arg to His substitution exist- 
ing in the unique PH^^CGVPDGSD cysteine-switch motif of 
pro-MMP-26 abolishes the abihty of Cys**^ to interact with the 
zinc ion of the catalytic domain (41). 

We have identified two of the major autolytic sites in 
MMP-26 to be Leu*^-Thr'5° and Ala'^^-Leu''''. Although differ- 
ent from the Gln®®-Gln®° site, the cleavage at these two sites 
also does not remove the cysteine switch sequence 
(PHC^^GVPD) from the enzyme, suggesting that Cys®^ may 
not play a role in the latency of the zymogen, which is consist- 
ent with the hypothesis proposed by Marchenko et al. (41). 
Alternatively, the thiol group of Cys®^ could be transiently 
dissociated from the zinc ion at the active site, allowing a water 
molecule to bind to the zinc ion and the enzyme to exhibit 
catalytic activity. Our inhibitor titration data demonstrated 
that —5% of the total enzyme molecules was active. This ob- 
servation may support the concept that the thiol groups of 
Cys®^ in the active enzyme molecules are dissociated or re- 
moved from the active site zinc ions and the thiol groups of the 
Cys^^ in remaining 95% of the total enzyme molecules are still 
coordinated with the zinc ions at the active sites, forming a 
steady-state equilibrium between the active enzyme molecules 
and the zymogen molecules. However, this hypothesis and the 
detailed activation mechanisms of pro-MMP-26 remain to be 
thoroughly investigated (42). In summary, this work provides 
new knowledge on the MMP-26 substrate specificity to build a 
working model for the future design of MMP-26 inhibitors, 
studies of pro-MMP-26 activation, and identification of optimal 
physiological and pathological substrates of MMP-26 in vivo. 
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